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Initial Situation:  
Grippers have always been an important topic within production research, be-
ing the technical analogy for human grasping. Together with the handling de-
vice they are attached to, grippers handle, move and sometimes even manipu-
late goods within automated industrial processes using different active princi-
ples to transfer the force of the handling device.  
In the industry this process of choosing and dimensioning a gripper is mainly 
done intuitively and based on experience. Considering the mass of grippers on 
the market and the normally relatively low frequency of choosing a new gripper 
in companies, it seems highly questionable if the grippers used always have 
the best theoretically possible fit.   
Hence, solutions have to find how to give support in finding the right gripper, 
keeping in mind that the gripper itself has to be laid-out before being able to 
grasp goods. A method helping here would increasingly lower the time needed 
finding a feasible gripper, simultaneously avoiding extra costs due to not or 
only partly working gripping solutions also for users without deeper knowledge 
in this field. 
 
Purpose:  
Object of the thesis is the development of a method framework to describe 
processes in which grippers are used systematically. This means to find strate-
TASK DESCRIPTION 
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gies to describe processes and their parameters in a way that they can be pro-
cessed further automatically and implemented in an existing framework de-
scribing the skills of grippers and handling devices.  
Approach and method:  
1. Research on strategies how to describe processes systematically  
2. Identification of factors concerning the description of handling pro-
cesses  
3. Integration of the gathered information in methodological framework  
4. Validation and Verification of the method with an existing process  
5. Documentation of the thesis  
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ABSTRACT 
The variety of tasks that can be performed by a robot and the enormous range 
of components, different for shape, size, material and weight that can be manip-
ulated, make the use of only one typology of gripper for an entire handling pro-
cess more difficult. Beyond this, today, the choice of the gripper that best fits a 
specific task is still made intuitively and based on the worker’s experience. This 
leads to the generation of extra costs due to the implementation of not working 
solutions and to wasting a lot of time in searching for feasible configurations. A 
new approach able to help in the systematical analysis of the different types of 
handling processes is therefore required. 
Unfortunately, the existing techniques and methodologies for the selection of a 
gripper do not provide an approach suitable for all the handling tasks, because, 
in most cases, the work is limited to the analysis of just one category of gripper 
and of the only few parameters that visibly influenced its performances. Even 
the approaches that have been found to be more complete, do not investigate 
the possible links existing among the parameters through which the process can 
be described and therefore, they lose the capability to forecast the conse-
quences that a change of working situation can have on the gripper choice and 
hence on the task outcome. 
In order to face these deficiencies, the goal of the present work is to develop a 
method to describe gripping processes through the representation of the factors 
that should be set up in order to achieve an optimal task implementation and of 
the relationships existing between them.  
After reviewing the literature regarding parameters that characterize a handling 
task, this thesis develops a sensitivity analysis in order to delineate the trend 
that a change in a parameter of the task can produce on the other process var-
iables. The implementation of the method is then provided on MATLAB with the 
construction of a Graphical User Interface that allows the calculation of the 
quantitative values associated to each parameter. The conclusion of the work is 
the validation, which is applied to the model in order to confirm the results ob-
tained. The validation regards three cases of real working applications: the first 
is a pick and place process executed by a vacuum gripper, the second and the 
third cases, instead, deal with an assembly and disassembly processes respec-
tively and are performed by a parallel gripper. 
München, 31/03/2015                                                 Erika Puccetti 
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1 INTRODUCTION 
1.1 Motivation 
In the last two decades, the use of robots in industrial applications growths ex-
ponentially, due to a demonstrated reduction of the production cycle time and 
an increasing of the production capacity (Lanni 2008). The implementation of 
this technology leads not only to economic benefits, but also to a substantial 
improvement of work conditions safety: robots can accomplish operations that 
could be dangerous for a human worker, such as spray painting or laser drilling, 
substituting in part or completely his work. 
Component that performs a key rule during the execution of a handling task is 
the end effector. There are three different sets of end effectors: work tools, grip-
pers, and inspections systems. This paper addresses the study to the second 
of the listed categories, the grippers.  
1.1.1 Robot Grippers 
A gripper is a device mounted at the end of a robot arm, which allows the per-
forming of operations as workpieces holding, manipulation, displacement and it 
represents the mechanical interface between the robot and its environment 
(Pham et al. 1986). 
Relating to the prehension method, Gareth J. Monkman divides grippers in four 
categories (Monkman et al. 2006): 
 Impactive – end effectors that use the impacting force against the object 
as prehension method; 
 Ingressive – the prehension occurs through the permeation of object’s 
surface; 
 Contigutive – require a direct contact with the workpiece in order to create 
adhesion; 
 Astrictive – the grip of the object is due to a suction force generated by air 
movement, magnetic or electrostatic field. 
Impactive grippers are the most required end effectors in industrial environment, 
for their high levels of flexibility and their huge variety of typologies (Castelli 
2013). They can be two-finger grippers or three-finger grippers and also internal 
grippers, in order to grip the inside of holes, or external gripper, for standard 
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applications. Fan Yu. Chen, in his studies (Chen 1982), calls the impactive grip-
pers as Mechanical finger type grippers; this is because the mechanism used to 
activate the gripper fingers movement is based on a mechanical conversion of 
the movement generated by an actuator. The actuator can be a rope, a rack-
and-pinion arrangement or a screw-driven system and it can carry on a pneu-
matic or hydraulic actuation. Typical examples of impactive grippers are tongs 
and clamps. Tongs can be parallel, shear, angular or radial (Monkman et al. 
2006).  
Ingressive grippers are end effectors mostly used in the textile industry for grip-
ping clothes and flexible materials. The method through which is possible to 
achieve the prehension of the object can be intrusive, by pins, needles or hack-
les, or non-intrusive, by hook and loop (Monkman et al. 2006). 
Contigutive grippers are a typology of end effector that does not find a large 
application in the industry, due to the slow prehension process and the less re-
liability in respect to the other categories. They create a continuity between the 
surface of the gripper and the object (Castelli 2013). Considering the kind of 
materials employed for the adhesion, there are two main types of prehension 
categories: thermal and chemical adhesion.   
Astrictive grippers are the ones that exist in form of vacuum suction cups, per-
manent magnets or electrostatic fields (El-Kalay et al. 1995). When the work-
piece to be gripped has only one prehension surface available, astrictive grip-
pers are an excellent alternative of impactive grippers. They cannot reach the 
accuracy of mechanical fingers but they are easy to control, they can lift heavy 
loads and they are able to manage breakable pieces as glass panels. Vacuum 
grippers employ Venturi effect or pumps in order to create the vacuum neces-
sary to hold the workpiece and they are mostly used to lift non-ferrous objects. 
For ferrous material, magnetic grippers can be employed, having permanent 
magnets or electromagnets as source of the magnetism. 
1.1.2 Application of grippers in industry 
Grippers find application in most of the operations implemented in industries. 
Some of the main processes realized with the support of robot grippers are 
(Lundstrom et al. 1977): 
 Handling and manipulation; 
 Assembling and disassembling; 
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 Pick and place; 
 Packing and palletizing for the logistic field; 
 Forging; 
 Fluid application. 
In each of these fields, the use of grippers helps to obtain all the advantages of 
the automated processes as costs reduction, cycle time decrement, production 
capacity enhancement and quality improvement. In order to reach these goals, 
is necessary to select the right gripper for each process.   
1.2  Goals and future intents 
Today the choice of the gripper that best fits a specific task is mostly made in-
tuitively and is based on the worker’s experience (Agrawal et al. 1992); this in-
volves to waste a lot of time in searching for feasible configurations and some-
times can generate extra costs due to the implementation of not working solu-
tions. 
The goal of this paper is to develop a method to describe processes, which in-
volve a systematical use of the robot grippers. The processes will be described 
in term of parameters that should be dimension, in order to achieve a correct 
task implementation. The study will help in a better comprehension of the task 
and it will led to a more conscious choice of the most suitable gripper. In order 
to simplify the analysis, the constructed algorithm will focus exclusively on three 
typologies of grippers that belong to the categories of two-finger impactive grip-
pers and astrictive grippers: parallel, angular and vacuum.      
1.3  Working approach 
The approach followed in this paper, Figure 1, starts in the Chapter 2 with a 
review of the most important factors that must be considered during the choice 
of a gripper. The factors reported, are the ones listed by D. T. Pham & S. H. Yeo 
in one of their works (Pham et al. 1991). Considering mainly one of these pa-
rameters, the Task, this chapter refers in particular way to three types of pro-
cesses: assembly, disassembly and pick-and-place operations. A brief study of 
these three processes is given. Consequently, the paper shows, through the 
analysis of the other factors (Pham et al. 1991), how researchers developed the 
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activities characterizing a gripping process such as for example workpiece iden-
tification, construction of free-obstacles paths and selection of gripping surfaces. 
The chapter 2 ends with an analysis of the existing techniques for choosing a 
gripper and an explanation of the reasons why these methods are inadequate.  
Chapter 3 is the center body of the paper and it sees the construction of the 
algorithm that allows the study of the gripping process. At the beginning, a sen-
sitivity analysis is developed among the task parameters found in Chapter 2. 
That means analyze how the alteration of a parameter influences the behavior 
of another one of them. Simulation of the variation trends of the parameters are 
provided using the software MATLAB. After the first sensitivity analysis, another 
one following: this will be implemented only on the parameters that are individ-
uated as key factors of the model, that means the parameters that appear more 
frequently during the task execution and the ones that have bigger impact in a 
change of task results. This second sensitivity analysis, differing from the first 
one, has the aim to understand the behavior of a parameter when more than 
one of the others change. For this reason, a Graphical User Interface, able to 
perform the computation of the task parameters during different alterations of 
working conditions, has been built on MATLAB. 
Once the algorithm is generated and the Graphical interface developed, the 
Chapter 4 shows three examples of working applications in order to prove the 
real legitimacy of the method. The first case of study refers to a process of pick 
and place of ceramic tiles in which the robot, a vacuum gripper, has to shift the 
tiles arriving from a conveyor belt to a pallet platform. The second case is an 
assembly process of solar collector executed by a parallel robot gripper with 
plane jaws. This process can be split in three parts, the insertion of a heat sink 
into the solar panel, the application of a sealer to the heat sink and the displace-
ment on it of a concentrated photovoltaic assembly. In the end, third process is 
the disassembly of a bearing in order to recover the components that are still 
good or recycle them. The process is performed by a parallel gripper with con-
cave jaws. The values, extrapolated from these three processes, are substituted 
in the Graphical User Interface in order to validate the model: a comparison 
between the purpose stated at the beginning of the paper and the results ob-
tained from the algorithm implementation is provided and possible improve-
ments are discussed.  
Conclusion and future developments of the presented work, are presented in 
Chapter 5. 
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CHAPTER 2
CHAPTER 3
CHAPTER 4
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 Review of Gripper’s  
factors
 Existing techniques 
for gripper choice 
 Sensitivity Analysis 1 
of the gripper’s 
parameters
 GUI construction
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 Conclusions
 Future works
 Implementation of 
the algorithm in real 
cases.
 Comparison of the 
results
 Model validation
 
Figure 1. Working approach 
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2 STATE OF THE ART 
2.1 Factors governing the choice of a gripper 
Due to the variety of tasks that can be accomplished by a robot and to the enor-
mous range of components, different for shape, size and weight that can be 
handled in each task, the use of only one gripper for an entire handling process 
is more difficult. As a result of this, a method capable of helping in selecting the 
appropriate gripper is required. 
D. T. Pham and S. H. Yeo developed a relevant approach to this topic (Pham et 
al. 1991); they sustain that, for a correct gripper choice, it is useful to consider 
some factors such as the component to be gripped, the task to be performed, 
the environment surrounded, the robot and the gripper itself. Figure 2 shows the 
factors and the main information that a method should extrapolate from them. 
 
SELECTION OF ROBOT GRIPPERS
COMPONENT TASK ENVIRONMENT ROBOT GRIPPER
 Geometry
 Weight
 Material
 Surface Quality
 Temperature
 Type
 N° of different 
Components
 Positional 
Accuracy
 Cycle Time
 Contamination
 Interference
 Temperature
 Humidity
 Repeatability
 Accuracy
 Speed/
Acceleration
 Lifting Capacity
 Power source
 Mechanical 
connection
 Weight
 Gripping force
 Actuation 
 Operating 
Temperature
 Jaw opening/
Contact area
 Host robot
 Cost
 
 
Figure 2. Factors governing the gripper selection process (Pham et al. 1991) 
  
Starting from this list, a brief analysis of the factors is proposed, focusing in par-
ticular way on the gripping task that is the main item of the paper. 
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2.2 Task 
Several studies have been developed on gripping Task. One parameter, which 
is relevant for the study of the task, is the Function (Monkman et al. 2006). It 
means the operation that the gripper has to perform in order to complete the 
process, for example: maintenance of a definite position and orientation of the 
workpiece, retaining of specific forces and moments, change of position and 
orientation of the object or release of the object at its destination. The Function 
of the gripper changes when the task that has to accomplish is different. Con-
sequently, first thing to do in the study of a gripping task is understanding what 
type of process the gripper has to perform. 
There are many types of processes in which grippers are employed, but for an 
easier analysis, the paper presents only three of them: assembly, disassembly 
and pick and place tasks. 
2.2.1 Assembly 
The assembly is a process in which the final product is built from a series of sub-
components. Usually the information required in order to start an assembly task 
can be divided in three types: workpiece structure, assembly operation, assem-
bly principles (Wee et al. 1985). The workpiece structure describes the relation-
ships between the components and leads to understand their properties. The 
assembly operations contain all the actions that the robot has to realize. The 
assembly principles, in the end, summarize the restrictions that have to be es-
tablished in certain circumstances.  
The most important problem that occurs during an assembly task, is the choice 
of a feasible assembly sequence, where assembly sequence means an ordered 
list of insert operations that the gripper has to perform (Dini et al. 1999). The 
planning of an assembly sequence can be generally split into two phases (Wee 
et al. 1985): first, a structure analysis, in which the system, usually a computer 
program, analyzes the component configuration; second, a plan generation. Un-
fortunately, the most of the methods able to generate good assembly plans, are 
extremely complex and not suitable for real applications, where products are 
composed by a high number of parts.  
A solution to this problem is the implementation of the assembly planning meth-
odology shown in Dini G. (Dini et al. 1999) and resumed by Lazzerini B. 
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(Lazzerini et al. 2000). This methodology involves the use of an assembly se-
quence planner, a system that, collecting the geometrical fixtures of a product, 
is able to identify the parts characterizing the object and create assembly plans. 
The plans specify the insert operations required for the task and the order in 
which they can be processed. 
Once obtained different assembly sequences, the methodology compares the 
quality of them according to three optimization criteria:  
 Minimum number of the product orientation changes; 
 Minimum number of gripper replacements; 
 Maximum number of operations that could be grouped together. 
As conclusion of the algorithm, an optimal assembly configuration is chosen. 
 
Another methodology proposed by Kanai S. for the research of the best assem-
bly sequence, involves the evaluation of assembly sequences on the cycle time. 
The less is the time taken for the process the best the plan (Kanai et al. 1996). 
2.2.2 Disassembly 
Disassembly is a process in which the final product is separated into its compo-
nents. This task must not be considered only as the reverse of the assembly 
process because of these reasons (Gungor et al. 1999): 
 Operation complexity: the operations required for the disassembly task 
are usually less accurate; 
 Final targets: this process is generally employed at the end of the life of a 
component in order to correctly recycle it; 
 Product alteration: the components that are disassembled are often dam-
aged. 
As shown for the assembly process, even in this case, it is important to under-
stand the operations sequence that the gripper has to accomplish.  
Santochi M. provides a method, in this field, that involves the use of a software 
system (Santochi et al. 2002). The steps of the procedure are described in Fig-
ure 3: first, the system performs a preliminary product analysis that consists in 
a) research of the components representing the final target of the disassembly 
process, b) detection of subassemblies, useful for a reduction of the cycle time, 
and c) preliminary selection of disassembly strategies to be used in the second 
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step. Following a generation of disassembly plans and a selection of grippers to 
be used for every specific operation are made. In the end, the software imple-
ments an economical evaluation through which the best sequence is chosen. 
The valuation criteria adopted is the cost that the sequence generates. The op-
timal plan is the less expensive among the sequences found. 
 
Figure 3. Disassembly methodology (Santochi et al. 2002) 
2.2.3 Pick and Place 
Pick and place is a process that allows an object change of position from a point 
A to a point B. Mazon I. decomposed the pick and place task in 9 phases (Mazon 
et al. 1990): 
1) Transfer motion from the initial gripper position to a point nearby the work-
piece; 
2) Approaching motion in order to assume the grip position; 
3) The gripping action; 
4) A depart motion in order to reach a position in which is possible to perform 
a transfer motion; 
5) A transfer motion until the final target position; 
6) A displacement of the object; 
7) The release of the workpiece; 
8) A depart motion in order to reach a position in which is possible to perform 
a transfer motion; 
9) A transfer motion to the final robot position. 
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He also showed the relationships existing among each of the phases and un-
derlined two type of interdependencies (Mazon et al. 1990): geometric interde-
pendences and interdependencies connected to the position uncertainly. A ge-
ometric interdependency can be, for example, the fact that, the choice of a grasp 
position is useful not only to reach a good stability of the grip, but also to allow 
the repeatability of that grip in the next operations. Regarding the interdepend-
encies due to the position uncertainly, the choice of the grip, in this case, may 
depend not only on the position between the object and the gripper, before the 
process starting, but also on the actions to be performed after the grip of the 
object.      
In order to successfully accomplish a pick and place task, some information are 
required (Gecks et al. 2005): 
 The start position of the object; 
 Object characteristics as shape, size, orientation; 
 The final position that the object has to assume; 
 The robot gripper model; 
 Obstacle information. 
2.2.4 Gripping task: how to model it 
After having a brief review of the main gripping tasks, a general model to repre-
sent a gripping process can be deduced extrapolating the similarities between 
the operations of each task case (Fantoni et al. 2014). 
 
 
Figure 4. General model for gripping processes (Fantoni et al. 2014) 
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The Figure 4 proposed above, shows the main steps included in a task: 
a) Approaching – this phase involves the positioning of the gripper nearby 
the object and required information about the identification of the object, 
its position and the free-obstacle path to be processed in order to reach 
it: first values of acceleration and speed of the robot arm are provided;   
b) Coming into contact – in this phase the gripper achieves a connection with 
the object  (contactless cases are not the objects of the paper): for this 
stage is necessary to understand which are the available and most suita-
ble gripping surfaces through which is possible to perform the prehension; 
c) Increasing the force and securing – once the contact is reached, the grip-
per increases the force exercised on the object with the aim of assure a 
stable grip: values of pressure and force are previously calculated in order 
to avoid the possible damage of breakable objects;    
d) Moving/processing – this is the step of displacement of the object in a 
certain location: information about final position, free-obstacle path and 
new values of speed and acceleration (which consider the weight of the 
gripped object) have to be identified; 
e) Releasing – reached the object planned final position, the gripper annuls 
the prehension force and liberates the object. 
In every stage of the model, cycle time should be monitored because as ex-
plained in the Chapter before, a reduction of it leads to an increment of the pro-
duction volume, parameter which is analyzed for the evaluation of the perfor-
mance of a process (Lanni 2008). Cycle time (Figure 5) is the time that a gripper 
takes to complete all the operations required on a workpiece; it can be divided 
in two times: 
 Work time (Lundstrom et al. 1977), which  includes the time necessary for 
the movements (gross, interface and fine movement), the time needed to 
complete the operation and the time for the gripper fingers opening and 
closing that can be substituted by the time necessary to create or delete 
the vacuum in case of astrictive vacuum grippers (Monkman et al. 2007).  
 Whereas the set up time is composed by two times: the time to choose a 
gripper and the retooling time.  
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Cycle Time
Work Time Set-up Time
Movements Time Operation Time Gripping Time
Gripper Selection 
Time
Retooling Time
 
Figure 5. Cycle time components 
The method proposed in the paper wants to help in the time reduction of the 
gripper selection in order to reduce the set up time and consequently the entire 
cycle time of the process. Cycle time indeed, is essential in the study of a task 
performance as a reduction of it leads to a high value of production capacity that 
make the task performance increasing.  
About the production volume of a specific object, Zhaa X. F. shows how the task 
can be strictly related to it and more in deep, to the number of different parts, 
the number of standard modules and the number of required fixtures character-
izing it (Zhaa et al. 2001). Therefore, the bigger the number of components in-
volved in a product construction is, the smaller the production volume, due to an 
increment of the number of gripping operations.  
All the parameters mentioned until now in the paper, cycle time, production vol-
ume, gripping force, pressure on the object, gripping surfaces, location coordi-
nates etc., are only some of the parameters that influence the successful imple-
mentation of a task. D. T. Pham and S. H. Yeo (Pham et al. 1991) classified the 
task as independent from the other factors such as component, environment, 
robot and gripper; but this situation does not happen in real applications. As the 
paper is going to show with the creation of a method to describe gripping pro-
cesses, the task permeates every single factor and acts as a logical connection 
between them.  
Figure 6 shows this new vision of the task as link among the parameters.  
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TASK
 
Figure 6. Task as connection between the factors 
 
Starting from the new approach, the other factors are following described in a 
view of how they affects the gripping process. 
2.3 Component and its identification  
In order to configure a gripping task and choose the most suitable gripper for it, 
it is important to understand parameters as the geometry, the size, the weight, 
the surface quality (Lundstrom et al. 1977) and the elasticity of the object to be 
gripped (Mandorli et al. 1991). Elasticity of the object means the maximum ap-
plicable force that a gripper can exercise before getting the object deformed. 
These parameters can be already known as construction specifications or can 
be completely unidentified; in this case, there are some methods that are able 
to recognize and discriminate the main patterns of an object surface.  
One interesting approach in this field is presented by Kinoshita G. (Kinoshita et 
al. 1973); his papers involves the employment of an artificial tactile sense at-
tached on a two-finger gripper. This tactile sense has multi-elements on it, such 
as strain gauge, micro switches and conductive rubber that, during the contact 
with the gripped object, deform their surface and detect in this way the stress 
distribution due to the object. The analysis of the values of stress distribution 
allows the program to delineate the shape of the object. From the data of the 
workpiece surface shape acquired in this phase (in particular Kinoshita G. dis-
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criminated two-dimensional patterns of shape, circle, square or its modifica-
tions), it is possible to make a first opinion regarding which gripper can be more 
appropriate to accomplish the process.     
Similar studies are conducted by Okada T. (Okada et al. 1977) that applied the 
tactile sensors on a three-finger gripper. This method is more accurate than the 
first one and provide a bigger certainty in the gripper selection because, through 
the tactile experiment, not only the shape of the object can be obtained, but also 
parameters such as size, hardness, facial smoothness and temperature can be 
found. Other difference with the work developed by Kinoshita G. is that the ob-
ject can be classified in an elaborated way: the fingers recognize if the work-
piece is a ball, a cylinder, a triangular prism, a true quadrangular prism or a 
deformed quadrangular prism. These information are deduced from the analysis 
of the number of vertices, planes, angles of intersection that become manifest 
during the grip of the object. 
Another relevant patterns in the identification of an object are its position and 
orientation in respect to the gripper initial position.  
Katsushi I. explained how the use of a photometric stereo could be helpful in 
finding the orientation through which the workpiece comes under the robot hand 
(Ikeuchi et al. 1986). The photometric stereo method takes multiple images of 
the object in the same scene, with the same camera positions but changing the 
illumination directions reflected on the component surface. The smoothness 
constraints, the shadow areas and the mutual illuminations obtained, are regis-
tered and used to build an orientation histogram to understand in which place-
ment the workpiece is coming. The number of possible orientations in which the 
object appears under the gripper, helps the user to decide what type of gripper 
employ in the process, in order to minimize the robot arm reorientations during 
the activities and consequently save part of movements time. 
Regarding the position of the object to be gripped, Carloni C. proposed a differ-
ent method that involves the development of a system able to identified the con-
tour and the position of the object through the help of a camera mounted on the 
robot wrist (Carloni 2002). The comparison of two frames acquired from different 
positions of the camera, allows the program to calculate the object center of 
gravity and the distance between this and the center of the camera itself. 
After having defined the object that a gripper has to manipulate, next step is to 
group the different components into clusters with similar patterns, in order to 
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reduce the number of gripper changes required in a task. As mention before, 
the variety of the components that have to be gripped during a process, make 
the use of just one gripper difficult. That reason leads to the formulation of clas-
sification systems as the theory of Group Technology (Gombinski 1967). This 
method, mainly used in production field, involves the matching of workpieces in 
“families”, considering families a collection of related parts. It distinguishes two 
types of families: 
 Family Type A – parts that have similar shape; 
 Family Type B – parts that are dissimilar but have some machining oper-
ations in common. 
Resuming the concept of families, Yeung B. shows that the 98% of the work-
pieces can be divided in five families according to shape and surface contour 
presented to the gripper (Yeung et al. 2004); the families are: cylindrical, rectan-
gular, flexible, triangular, elliptical. He presented also one other category of clas-
sification. In this, the method through which the workpieces are grouped is 
based on the number of fingers required on the end effector in order to assure 
a stable grip.  
Other grouping methodology can be developed in different ways depending on 
the task that the gripper has to perform. One example has been provided by 
Mosier C. (Mosier et al. 1990) who formulated a coding system for assembly 
products. The workpieces, in this case, are divided according to a six-cluster 
classification: 
 General parts – used to distinguish between final assemblies, assemblies 
and piece parts; 
 Assembly class – which defines the function of the assembly; 
 Observable shape distinctions; 
 Critical features - as the presence of holes in the workpiece; 
 Dimensional characterization; 
 Material specifications. 
Sometimes if the product is a final assembly and therefore it is composed from 
a set of parts, it is not enough to know the shape and the characteristics of the 
main object, but it is necessary to detect all the existing sub-parts and sub-as-
sembly of it. A procedure for identifying the subassemblies is provided in the 
paper of Dini G. in which the component can be described through three matri-
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ces: interference, contact and connection matrix (Dini et al. 1992). The interfer-
ence matrix represents the interferences that a part of the object can have with 
other parts during its translation along an established direction, whereas the 
contact matrix allows the comprehension of which parts of the object have a 
physical connection. Both these matrices are built in function of data obtained 
from CAD simulation and their size is equal to the number of parts composing 
the product: starting from these, the third matrix is derived and it represents the 
type of relationships between the parts belonging to the object.  
2.4 Environment 
The workspace is the space contained by the envelope that defines the bound-
ary of a robot motion axes (Monkman et al. 2007). The size and the shape of 
that space are defined looking at the number of robot axes, their extent and type. 
However during the dimensioning of a task, it is important to consider not only 
the workspace envelope of the robot, but also the space occupied by surround-
ing obstacles in order to avoid crashes. Methods that can be able to analyze the 
space around the robot gripper are required. 
A first technique used to acquire global information about the environment is 
proposed by Gecks T. (Gecks et al. 2005). This method involves the use of sta-
tionary cameras able to monitor the entire workspace shared by humans and 
the robot and to acquire several images of objects and robot during different 
sceneries. By comparing, in a software computer graphic, the obtained images 
with a reference workspace model, the technique detects the presence of pos-
sible obstacles. 
Completely different methodology is described in Serna M. A.. In his work, the 
obstacle identification occurs through a conversion of bodies in spheres (Serna 
et al. 1992). Each element, constituted the robot and the obstacle, is approxi-
mated by two sets of spherical representation: first set is called the exterior rep-
resentation and includes all the boundaries of the objects, whereas the second, 
the interior representation, must be contained inside the object itself. After a 
series of hypothesis on the possibility of an intersection between the objects and 
after defining a better representation of the spheres, the algorithm provides all 
the possible points of collision that can verify. 
Another method that can be useful in order to describe and characterize the 
space around the gripper, is the employment of a geodetic dome composed by 
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triangular slices of same size (Terasaki et al. 1991). In this way, the space sur-
rounding the gripper is divided in tetrahedrons with vertex centered in the grip-
ping position and base in the robot location, (Figure 7). Possible collisions are 
detected checking the interference between the tetrahedrons and nearby obsta-
cles. 
 
Figure 7. Obstacle detection (Terasaki et al. 1991) 
Once the environment has been investigated, next step is to define a free-ob-
stacles path, which the gripper has to follow during the task. Lozano-Pérez T., 
for example, illustrated in his work a solution for the problem of spatial planning 
in a pick and place process (Lozano-Pérez 1981). He divided the problem in 
two: 
 Find-space – it means find a configuration for the object to be moved in-
side the workspace such that the intersection between this and possible 
obstacles is null: therefore the configuration can also be called safe con-
figuration; 
 Find-path – it means find a path for the object, from an initial position A to 
a final position B, which is internal to the workspace and which involves 
only safe configurations.  
Concerning the Find-space, the position and orientation of the object are speci-
fied by a six-dimensional vector, three coordinates for each Cartesian axis and 
three for each Euler angle. Once a safe configuration is found, the second prob-
lem is solved decomposing the entire space into convex polyhedral cells and 
searching the shorter path among them. In order to avoid that the positioning 
errors or the inaccuracy can limit the safeness of the path, a uniform “safety 
margin” is added around obstacles.  
Another approach has been provide by Giussani M., who developed a method 
for the generation of the minimum safety distances between robots and opera-
tors (Giussani 2014). This was possible through the determination real time of 
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the danger zone around the gripper, thanks to the information provided by sen-
sors. The danger zone was built as a function of the latency of the network, the 
speed of both the robot links and the human operator that can enter in the work-
space, and their relative positions. 
Bianco G. in the end illustrated an approach for the selection of the best strategy 
through which generate a robot path planning in unknown environments (Bianco 
1994). The program evaluates the strategies according to three parameters:  
 the applicability in a certain environment, which refers to the conditions 
that impede the use of the strategy as tool to reach the object position; 
 the forecast efficiency that can be obtained comparing the minimum time 
required to cover the established path and the estimated time of the strat-
egy; 
 The real efficiency that can be calculated as the minimum time required 
to cover the established path on the effective time of the strategy. 
2.5 Robot 
Usually the success of a task depends on the robot that is used to accomplish 
it. Appleton E. classified nine factors through which robots can be distinguished 
(Appleton et al. 1987):  
 Manipulator configuration – it means the shape of the envelope represent-
ing the boundaries of the robot arms: they can be Cartesian, Cylindrical, 
Polar, Anthropomorphic or SCARA type; 
 Actuator types – are the drive units that allow the movement of the robot 
joints: they can be electric, hydraulic, pneumatic; 
 Method of programming – teach by doing, point to point, continuous path, 
adaptive control; 
 Sensor system; 
 Controller design – opened or closed control loop;  
 End effector and task; 
Appleton E. provided also a list of the main parameters that can be used as 
support for the selection of a robot: repeatability, accuracy, speed and acceler-
ation of the joints, load capacity and degree of freedom. 
The repeatability is “the ability of a robot to move to the same position, time after 
time, always with acceptable tolerances (Wang et al. 1994), it differs from the 
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accuracy that is defined as “the ability of a robot to directly move to a desired 
position upon an absolute command” (Wang et al. 1994). Even though the most 
of the quality robots mechanism have a high value of repeatability, they are in-
accurate. Knowing that the movements of a robot depends on a huge variety of 
factors as friction, feedback resolution, elastic distortion, etc., is indeed improb-
able that the robot arm achieves exactly the planned point, but the positions 
reached in the different attempts, assume the form of a distribution with a peak 
mean value (Appleton et al. 1987).  
Figure 8 displays the distribution assumed by the accuracy and shows the pos-
sibility to impose positional tolerances that contain 99.5% of the distributed at-
tempt points. 
 
Mean position
Theoretical arm 
extension
  Mean positional variance
Position
 
Figure 8. Accuracy distribution 
Wang X. explained the main reasons of the robot positioning error and conse-
quently of its inaccuracy (Wang et al. 1994); they are: 
 Robot technical imperfection – such as tolerance accumulations, joint 
misalignment, friction, feedback resolution;  
 Robot tool calibration error – such as the choose of a not suitable tool;    
 Rigid body error –it is a consequence of not knowing the exact location of 
a part in respect to the robot position: this error is not a real example of 
inaccuracy, but Wang X. classified it in this way because it generates the 
same result, a positioning error; 
 Robot deflection due to load; 
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In order to evaluate the robot accuracy, it is necessary to analyze the robot arm 
capability in following an established trajectory, limiting the oscillations (Apple-
ton et al. 1987). The trajectory of the robot is usually composed by a set of 
phases as acceleration, constant speed and deceleration (Figure 9); between a 
deceleration and the arrest of the robot hand, may arise oscillations that can 
prejudice the following operation of positioning in respect to the workpiece.  
 
Figure 9. Time-displacement trace for a robot trajectory (Appleton et al. 1987) 
Where: 
tSch = switching time 
tB = acceleration time 
tV = retardation time 
tA = oscillating time 
tG = machining or gripping time 
tVk = time of constant speed 
A good accuracy is reached when the robot is able to reduce these oscillations. 
Possible solutions in order to limit the positioning error of the robot and so in-
crease the accuracy of it can be (Bona 2002): 
 Use of weightless but rigid materials with dimensional good invariability to 
temperature’s changes; 
 Initial calibration of the robot before starting the task; 
 Use of external sensors able to extrapolate the information about the ob-
ject  
 Quality control of the operations; 
STATE OF THE ART 
21 
 
Degree of freedom is the number of independent ways through which the robot 
can move (Monkman et al. 2007). Higher degree of freedom is desirable be-
cause it makes the robot more flexible. 
Other important parameters that has to be considered in a robot are the speed, 
the acceleration of its arms and the load capability. These values are generally 
provided as construction specifications at the time of robot purchase and if cor-
rectly dimensioned can be useful for a reduction of the cycle time of the process. 
Therefore, duty of the human user is choosing the robot that best fits to the 
specific task it has to accomplish, in order to take advantages in working oper-
ations. The selection of the robot is not a topic of this paper, for a better com-
prehension of this subject, “A Fuzzy TOPSIS Method for Robot Selection” of 
Chu T. C. (Chu et al. 2003) is advised to read. 
2.6 Gripper 
D.T. Pham talked about the factors that are significant to correctly understand 
the gripper functions (Pham et al. 1986). These parameters are: 
a) Size; 
b) Weight; 
c) Type of gripper; 
d) Contact area; 
e) Gripping force; 
f) Surface pressure; 
g) Stability of the prehension. 
A brief description of these parameters is provided. 
a) Regarding the size of the gripper, it depends 
on the length, breadth and width of the fin-
gers. The equation of a parallel gripper free 
space for mounting (1), explicates the rela-
tionships among these dimensions 
(Monkman et al. 2007). 
          
Where: 
        f    free space for mounting [mm] 
        d   width/diameter of the component [mm] 
𝑓 =  𝑑 +  2 (𝑠 +  𝑒 +  𝑐) (1) 
Figure 10. Free space for 
mounting (Monkman et al. 
2007) 
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        s    free space [mm] 
        c    finger width [mm] 
        e    prism depth [mm] 
 
The parameter f, in Figure 10, is the free space for mounting that, in case of 
maximal fingers opening, represents the external maximum size of the grip-
per. The value of the encumbrance is useful during the generation of path 
planning, in order to avoid collision with obstacles.  
In case of vacuum grippers, the free space of mounting can be calculated as 
follows (Monkman et al. 2007): 
 
 
 
Where: 
f       diameter of circular suction cup that represent 
the free space for mounting 
m     workpiece mass [kg] 
𝜎𝑢     applied vacuum pressure [bar] within the suc-
tion volume. 
z       number of suction cups 
k       safety factor. Typically: k=2 to 3 
 
In Figure 11, the free space for mounting (2) represents the diameter of the 
circular suction cup, assuming a static situation or slow motion in vertical 
direction. 
b) Weight of the gripper: it is the responsible for the speed of the robot; the 
higher the weight is, the lower the speed. 
c) Type of grippers: there are many types of grippers; the paper addresses the 
work only to parallel, angular and vacuum (Monkman et al. 2007). Parallel 
grippers are the ones in which the jaws movement is parallel and can involve 
the driving of the two jaws together or only of one of them. Angular gripper 
are characterized by a curved movement of the finger jaws and the opening 
range can be as wide as 90°. Finally, vacuum grippers are end effector that 
do not dispose of fingers to reach the prehension of the object, but employ 
suction cups that are able to generate an astrictive force.  
𝑓 = 11.3√
𝑚 ∙ 𝑘
𝜎𝑢 ∙ 𝑧
 
 
(2) 
Figure 11. Diameter 
circular suction cup 
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d) Contact surface: this parameter depends on the shape of the gripper fin-
gers/suction cups and on the profile of the object to be gripped; the contact 
between the end effector and the object can be a surface, a line or can be 
reduced to a single point. 
e) The gripping force of an end effector is the force exercised by the gripper in 
order to hold the workpiece. It is a function of parameters as the mass of the 
object, the robot arm acceleration and the friction coefficient (Monkman et al. 
2007). The study of this parameter is crucial to assure a solid grip, without 
damaging the object. A method for the calculation of the gripping force is 
proposed by Datta R. (Datta et al. 2011), that deduces the maximum and 
minimum values of the force for different possible variations of the gripper 
hand displacement. 
f) The surface pressure is a parameter that, as the gripping force, can lead to 
an injury of the workpiece if not correctly dimensioned. The surface pressure 
depends on factors related to the object such as its size, the elasticity of its 
material and the gripping surface and on gripper factors such as contact 
forces and type of jaws (Monkman et al. 2007). 
g) Another function of the robot is to guarantee the stability of the prehension. 
There are two types of grip stability: the spatial grip stability and the contact 
grip stability (Montana et al. 1991). The first related to the position of the 
gripped workpiece in respect to the center of the robot hand; the second in-
stead, refers to the position of the points of contact between the object sur-
faces and the gripper. A grip is considered more stable when (Mandorli et al. 
1991): 
 The distance among the gripping faces is small; 
 The faces chosen for the prehension have normal forces oriented in 
the same direction of the force of gravity; 
 The gripping surfaces are plane; 
 The gripping surfaces are large. 
 
The problem of choosing a grip is essential for the good implementation of a 
gripping task. The information required for gripping an object usually come from 
two sources: the object and the task (Laugier 1981). The information about the 
object related the shape, size, superficial finish of surfaces; the task information 
on the other side, evidence the constraints of the gripping process. Beyond this 
information, another category to be added is the information about gripper. For 
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this reason, there are three sets of constraints that must be considered 
(Cutkosky 1989): see Figure 12. 
 
                    
Object 
constraints
Task 
constraints
Gripper
constraints
Optimum grip according 
to objective function 
with constraints
Feasible
 grip space
 
Figure 12. Sets of constraints (Cutkosky 1989) 
Task constraints are, for example, the forces and motions that must be imparted 
to the robot arm; gripper constraints are instead the maximum gripping force, 
the maximum opening of the finger (Wingham 1977) or the size of the suction 
cup.  
Regarding the object constraints, it is necessary to study the surfaces of the 
object to be gripped and identify which are the forbidden zones and which the 
prehension zones (Monkman et al. 2007). Dini G. (Dini 1993) analyzed some 
criteria for selecting the best gripping surfaces as for example: 
 The contact surface area; 
 The distance between the object surfaces; 
 The orientation of the object surfaces; 
 The position of the surfaces in respect to the mass center of the object; 
 The quality of the surfaces.  
Another criterion that must be considered is the condition of no collision with 
other objects during the gripping operation (Liu et al. 2011). 
In order to extrapolate from the object the surfaces information that will be used 
as input for the gripping process planning, Zhaojia L. proposed the following 
algorithm (Liu et al. 2011).  
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Features extraction
Gripping points 
are detected?
Gripping position calculation
Gripping position verification
Object gripping
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gripping points 
are detected?
Next scan position 
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Next scan position reaching
Y
N
N
Y
N
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Figure 13. Algorithm for features extraction (Liu et al. 2011) 
As it is possible to see in Figure 13, the process starts with the scansion of the 
object using a 2D-range sensor mounted on a robot; this scansion is repeated 
N times, since the necessary features such as flat parallel surfaces, parallel tan-
gent planes and other insertion space features are detected. If no grasping 
points are found, the mobile robot moves to the next scan position. When finally 
all the gripping position are established, they are evaluated and then selected 
for the gripping test. The information obtained from the implementation of the 
algorithm, help in the choice of the gripping surfaces most suitable for the spe-
cific process. 
Similar study is dealt by Seitz M. (Seitz et al. 1993), who divided the process of 
extraction of object’s information in two phases: a first global scene analysis, in 
order to determinate the shape, the size and the surfaces of the object and a 
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local feature extraction, oriented to acquire the surfaces contour necessary to 
plan the gripping positions.     
Once established the criteria for the evaluation of gripping surfaces, it is im-
portant to delineate a method for choosing the surfaces that are the best for a 
specific task. One strategy of grip selection is provided by Wolter J.D. (Wolter 
et al. 1986). The method involves the determination of a set of gripping positions 
and the generation of a ranking of surfaces according to quality measures such 
as the resistance to the object slippage or the resistance to the twisting.  
Another methodology, developed for all the most common classes of grippers 
as two-jaw grippers, three-jaw grippers, magnetic, vacuum and expandable grip-
pers, employs an algorithm that pre-processes some inputs, regarding the ob-
ject and the task, in order to select feasible potential grip points for each gripper 
class (Dini et al. 2000). Once all the potential gripping surfaces are detected, 
the software evaluates them and provides as output, a value of the grip quality. 
At the end of the process, the system produces a list of all the preferred gripping 
surfaces, indicating for each of them, the type of gripper to be used.   
2.7 Existing techniques for choosing a gripper 
The difficulty in the use of only one gripper during industrial applications, due to 
the differences in shape, size and weight of the workpieces, can be reduced by 
the use of flexible grippers (Schmidt 1978).  
One solution in this field is the employment of an “Omnigripper” (Scott 1985). 
This end effector is composed of two parallel separated fingers, each of them 
constituted by an array of 8 x 16 pins that can ride vertically up and down in an 
independent way. This type of fingers is able to adapting to a huge variety of 
object shape. Unfortunately, the use of flexible grippers is in most cases expen-
sive and not always suitable; for this reason is necessary to find other method-
ologies in order to fix the problem. Best way seems to find an algorithm that 
supports the selection of the gripper more appropriate for the process and which 
implementation leads to minimize the number of gripper changes.  
The paper, after discussing about the factors that can help in choosing a gripper 
(see chapters before), wants to provide some of the methods that are actually 
used for this activity: 
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a) Schmalz J. described a method based on the CAD modeling of the object to 
be gripped (Schmalz et al. 2014).  
                          
Figure 14. Method for the automated selection and dimensioning of a gripper 
(Schmalz et al. 2014)   
 
The method, as shown in Figure 14, involves a description of the entire handling 
system, represented as a set of information regarding the part to be gripped, the 
handling device, the process to accomplish and the environment. All the infor-
mation obtained are used to understand the relationships between the task fac-
tors and to perform a pre-selection of possible grippers. After that, the model 
employs an algorithm in which the selection of the best gripper can be accom-
plished through the identification of the gripping surfaces and the calculation of 
the required gripping forces. Through these parameters, a comparison between 
the abstracted set of grippers and the real one is made and a choice is accom-
plished. 
b) Agrawal W. L. presented a method for the gripper selection based on a mul-
tiple attribute decision making (Agrawal et al. 1992).  
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The procedure consists in assigning a code to all the gripper parameters such 
as working speed, gripping force, class of gripper, type of sensor, speed of ro-
tation, degree of freedom, weight, size material, etc., in order to easily manage 
them during the selection. Figure 15 shows some examples of code digit asso-
ciate to the gripper parameters.  
              
Figure 15. Attributes gripper coding method (Agrawal et al. 1992) 
After the coding, the procedure involves a first stage of gripper selection in which 
a short list of grippers is obtained according to specific requirements. The list of 
the gripper becomes then the input of TOPSIS method, which through a weight 
measure of the gripper closeness to the ideal solution, provides a ranking clas-
sification of the grippers. 
 
c) Pedrazzoli P. chose a rule-based approach system, identifying six phases in 
the gripper selection process (Pedrazzoli et al. 2001). 
The phases individuated are:  
 Fingertip type determination; 
 Fingertip dimensioning; 
 Gripper’s morphology determination; 
 Gripping force determination; 
 Gripper constraints selection and actuation determination. 
For each phase, rules are expressed in a conditional logic IF-THEN in order to 
allow the gripper selection IF a determinate condition is satisfied.  
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d) Similar approach to the one provided by Pedrazzoli P. is given by Giusti F., 
Santochi M. and Dini G. in their work for tool selection (Giusti et al. 1986). 
Even in this work is adopted a rule based conditional logic IF-THEN, because 
of the easily possibility to create configurations suitable to the different environ-
mental conditions. After consulting the rules and the weight associated to them, 
the program proposes the best sequence of tools to be used.    
e) Fantoni G. instead, provided an expert system that select the best gripper 
solution through the analysis of two main categories of parameters (Fantoni, 
Capiferri et al. 2014). 
 
Figure 16. Expert system from the selection of a gripper (Fantoni, Capiferri et al. 
2014) 
The first category of parameters is related to physical and geometrical properties 
of the object, whereas the second is referred to placing, feeding and handling 
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gripper parameters. As showed in Figure 16, the comparison between the pa-
rameters (inputs of the model) and an established set of rules allows the system 
to choose suitable gripping principles and the object releasing strategies, match-
ing the compatible ones. Once the gripping strategy is defined, the method ends 
with the choice of the gripper that satisfied both the gripping principles and the 
parameters established in the phases before. 
 
f) Another methodology is the use of software specifically predisposed: to be 
cited is “Leonardo”, a system that utilizes the properties of object’s surfaces 
as means of gripper evaluation and selection (Pham et al. 1992).  
In this program, presented in Figure 17, the user manually inserts the infor-
mation related to object’s surface: surface friction, surface finish, maximum grip-
ping force, level of porosity and allowable jaw material. Once all the information 
are added, the software starts to analyze them and researches the optimum 
gripper configuration that matches the requirements. The ranking of the recom-
mend grippers is in the end graphically displayed to the user.  
 
Figure 17. Structure of the expert system (Pham et al. 1992)  
g) Use of the software TYSES (Erdman et al. 1986).  
The software in this case is composed by different modules and each of them 
performs a specific role in the computation of the program: 
 Parser: it is the interface in which the user has to fill the requirements. 
This module tries to codify the inserted information through the extrapo-
lation of the key words it has inside its vocabulary; 
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 Topology generator: it is the part that defines the parameters or topologies 
of the gripper such as degree of freedom, number of links and joints, their 
connectivity and the type of the joints;  
 Sketcher: it is a component that displays the topologies on the screen, 
allowing the user to redraw the mechanism with different random dimen-
sions; 
 Evaluator: it is the module that generates a rating of the requirements 
satisfaction for every type of gripper. The rating is provided by a compar-
ison between the gripper characteristics and a set of rules. The lowest the 
rate the best it is, because it means that all the requirements are satisfied.   
Through the matching between the information inserted in the program by the 
user and the end effector characteristics, the system proceeds to the selection 
of the best gripper typology.  
h) Different approach is described by Christiand, who offers an algorithm useful 
to select the suitable gripper, by starting from the evaluation of the task op-
erations sequence (Christiand et al. 2009).  
The sequence, in this case for an assembly process, is rated on the base of the 
cost results from three parameters: 
 The number of gripper exchanges; 
 The number of gripper orientation changing; 
 The path distance among the gripper and each assembly parts.  
The algorithm, as final result, provides the types of gripper that assure the min-
imum sequence cost and displays the order in which they are advised to be 
used. 
2.8 Inadequacy of current methods 
The most of the methodologies exposed above for the choice of a gripper, con-
centrates the attention on the analysis of only a few number of parameters, cri-
teria for the selection: usually the object’s characteristics or the most suitable 
gripping points of it. Therefore, they suffer of a lack in considering factors such 
as the environment surrounding the object, the robot specifications and the task 
constraints.  
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Even the approaches that considered these aspects, limit their work to study the 
parameters independently and do not investigate the relationships among them 
or the way in which they feel variations if some conditions in the work environ-
ment change.  
In addiction, in most of the cases, the role of the process results has not been 
considered: during the study of the parameters, has not been calculated the 
impact that the different factors can have on its performances such as for exam-
ple cycle time or production volume.  
 Table 1 below describes the main weaknesses of each method presented in 
the Chapter 2.7 before. 
 
 Table 1. Inadequacy of the existing methodologies of gripper selection 
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Because of the reasons listed in Table 1, the existing methods are not suitable 
for every work application and they have to be jointly processed with other tech-
niques to be complete.  
 
In order to face this deficiency, the paper presents a study of the almost all grip-
ping parameters describing a gripping task and of their mutable connections.   
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3 DEVELOPMENT OF THE MODEL 
3.1 Introduction to the model 
The aim of the method laid out below is to erase the main deficiencies left by 
the techniques in the study of gripper task, which have been discussed in the 
Chapter 2. This method has four main advantages in respect to the current 
methodologies: 
 Underlines the links occurring within the task parameters; 
 Is flexible and can be used in different scenarios; 
 Involves a Human-guided interface; 
 Provides a general method for every type of handling processes. 
In uncontrolled real-life application, the environment around the process contin-
uously shifts and this fact carries out an uncertainty in the task outputs and con-
sequently insecurity in obtaining positive results if the established conditions 
change. For this reason, through the Sensitivity Analysis (explained in Chapter 
3.3), the method differs from the other techniques, previously adopted, helping 
the user not only have a better comprehension of which parameters the process 
of gripping mostly influence, but also in understanding the way in which they are 
linked to each other. The relationship among the parameters has been de-
scribed by analyzing the manner through which the alteration of one or more 
input parameters can affect the final result and therefore the success and effi-
cient achievement of the task activities. 
The flexibility is one of the other characteristics that distinguishes the model from 
the other techniques. This is because the method developed takes into consid-
eration a larger variety of gripper configurations, in particular; parallel, angular 
and vacuum grippers together with different kinds of jaws such as convex, con-
cave and parallel jaws, or more numbers of suction cups.      
The model of the task analysis involves an active role of the human user 
throughout the path of the algorithm. This is possible, thanks to the development 
of a user guide interface that allows the possibility to manually change the pa-
rameters to simulate the different conditions and match together equations that, 
without the program, could be very difficult to handle.  
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There are other differences and strengths of this model compared to the other 
methodologies due to this paper wanting to go beyond the study of a specific 
process, providing a method that is adaptable to the analysis of different types 
of handling processes. The general method is introduced in Chapter 4 with the 
validation of the model. 
1.1 Definition of the model’s parameters 
The parameters used as inputs for the model, refer to the studies explained in 
Chapter 2 and specifically to the categories theorized by Pham and Yeo: com-
ponent, task, gripper, robot and environment, with the task as a process not in-
dependently  but that permeates the other factors (Pham et al. 1991). Starting 
from this classification and from other works found in literature (Zaki et al 
2010, Monkman et al. 2007, Siciliano et al. 2008, Cutkosky 1989, Rocco 2003, 
Dini 2012, Schutz et al. 2010, Ferrari 2005), the parameters that mostly influ-
enced a gripping process and which are considered as inputs of the method 
have been found to be: 
 Workpiece size; 
 Workpiece shape; 
 Workpiece weight; 
 Workpiece position along the axes x,y,z; 
 Number of different components to be handled; 
 Number of obstacles in the robot path; 
 Obstacle position; 
 Obstacle size; 
 Trajectory of the robot arm; 
 Positioning error committed by the robot; 
 Repeatability ; 
 Speed of the robot arm; 
 Acceleration of the robot arm; 
 Robot wrist orientation during the grip; 
 Cycle time; 
 Pressure on the workpiece surface; 
 Gripping force; 
 Contact force between the gripper and the workpiece; 
 Free space for mounting, it means the encumbrance of the gripper; 
 Temperature of the working environment; 
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 Humidity of the working environment; 
 Average coefficient of Elasticity; 
 Jaw angle; 
 Gripping area; 
 Friction coefficient; 
 Slippage coefficient; 
 Flow rate in a vacuum grippers. 
The first three parameters of this list are to understand the physical characteris-
tic of the object to be gripped such as the dimensions (width, length and height), 
the profile (cylindrical, prismatic, spherical, irregular) and the mass. 
Workpiece position means the coordinates of the object location refering to the 
axes x, y and z. The origin of the axes, in this case, is taken as the gripper initial 
position and the position of the robot hand’s center of mass.  
Number of components indicates the number of the objects that have to be ma-
nipulated in order to accomplish the process. 
Number, size and position of obstacles, are the parameters referring to the en-
vironment surrounding the object. Not considering this information can be a dis-
advantage to the successful implementation of the task, because the robot arm 
can collide with objects damaging them and itself. 
Trajectory is the path followed by the robot arm in order to reach the workpiece. 
The trajectory can be described as a series of position points, along the axes x, 
y and z, that the robot hand’s mass center assumes in different instants of time. 
In order to model the robot trajectory it is important to define the speed and 
acceleration that the robot has to do before and after the gripping and the orien-
tations that it has to achieve for a correct pretension. During the analysis of the 
trajectory another parameter that has to be considered is positioning error; it 
means the difference between the real position assumed by the robot hand and 
the target one. If this error is too high, the process can be compromised. 
Cycle time is a factor composed of two main times, the working time and the set 
up time. The working time can be split into movement time, which covers the 
path from the start position to the object position and from there to the final po-
sition, and the time of fingers opening/closing or in the case of vacuum grippers 
the time taken generating/removing the vacuum, and the set up time is com-
posed of two times: the time to choose a gripper and the retooling time. 
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Pressure on a surface is the force exercised on the object for every unit of grip-
ping area. The contact force, that generates this pressure, is usually the sum of 
two forces resulting from the contact points and which have to be monitored in 
order to avoid a deformation of the gripped.  
Besides the contact force, which is the initial force produced during the interac-
tion among the gripper and the object, the other parameter is the gripping force 
which depends on the mass of the object, the linear maximum acceleration of 
the robot arm together with the gravitational acceleration, the jaw angle and a 
safety coefficient.  
The higher gripping force is the less slippage coefficient there will be (as the 
method will show in the Chapter 3.3), a parameter that indicates the resulting 
force influencing the workpiece sliding away from the robot grip.  
The slippage coefficient does not only depend on the gripping force but also on 
the friction coefficient. The friction coefficient varies on the base of object’s ma-
terial properties. The bigger it is the less gripping force required in a situation of 
constant slippage coefficient (explanation in Chapter 3.3). 
Free space for mounting is the space occupied by a parallel/angular grippers 
fingers during maximum aperture, or by the diameter of a suction cup in vacuum 
grippers. This is important in order to understand how much space the gripper 
takes up.  
Humidity and temperature are the environmental conditions of the working 
space in which the gripper has to operate.  
Average coefficient of Elasticity indicates the deformation of the gripper fingers 
or suction cups for a specific force applied. This parameter depends on the ma-
terial of the gripper jaws and on the workpiece. 
Jaw angle is a parameter that characterized a parallel or angular gripper and it 
usually arrives to an assumed opening of 180° for plane jaws grippers or a big-
ger one in the case of convex jaws gripper.  
Gripping area is a factor that delineates the contact generated between a work-
piece and the gripper. It can be a surface, a line or a point. The changes in 
gripping area, as they are going to be shown in Chapter 3.3, lead to a change 
of surface pressure due to an alteration of the area on which the pressure is 
distributed. 
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Lastly, the volumetric flow rate represents the volume of air that is ejected in a 
unit of time by the gripper in order to create the vacuum.  
In the next Chapter (Chapter 3.3), the parameters, listed above, are explained 
step by step and the link that they have between each other is analyzed. 
 
Table 2. Forecast results about possible parameter relationships 
  
Table 2 predicts the results of the analysis that are going to be developed after-
wards. 
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The table is filled with crosses where there is the possibility of an existing rela-
tionship. This possibility will be confirmed, or not, at the end of the first sensitivity 
analysis: the conclusions will then be discussed.  
 
3.2 Tools employed for the construction of the model 
3.2.1 Sensitivity Analysis 
The Sensitivity Analysis is a “Simulation analysis in which key quantitative 
assumptions and computations (underlying a decision, estimate, or project) are 
changed systematically to assess their effect on the final outcome” 
(http://www.businessdictionary.com). 
Usually, there are many reasons to employ a sensitivity analysis  (Hamby 1994):  
 Reduce the output uncertainty; 
 Determine which are the key factors (parameters that have more 
influence on the output variability) and the insignificant parameters that 
can be deleted from the model; 
 Discover what the consequences of changing a specific input parameter 
are.  
There are three most common types of sensitivity analysis (Taylor 2009): 
 One-way sensitivity analysis; 
 Multiway sensitivity analysis; 
 Probabilistic sensitivity analysis. 
The one-way sensitivity analysis is the simplest among these methods and 
consists of examining the influence that the alteration of only one parameter of 
the model has on the model’s results. Multiway instead involves the modification 
of two or more parameters simultaneously in order to see the consequences in 
the final result. Probabilistic analysis, in the end, works as a multiway sensitivity 
analysis with the difference that implicates the attribution of a range of values, 
and not a single value, to each parameter; the range is determined by 
calculating the average value, the standard deviation and the shape of the 
spread of data. 
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In this paper, the analyses used for the model are the first two methodologies 
listed above. The one-way analysis, because it offers a more detailed 
explanation of the parameters of the gripping task and of the possible links that 
it can have with other variables. Whereas the multi-way analysis, because, 
taking as input the studies developed in the first analysis, allows the generation 
of a more complete model to understand the magnitude of the changes in the 
final results when a modification in the working environment occurs. 
Probabilistic analysis is not dealt with in this work, because most of the 
parameters that the model is going to consider in the final stage of the 
implementation are singles values, directly inserted by the operator through a 
graphic user interface. The values the user inserts in the machine, represent the 
real parameters of the working machine and not a range of values.  
More information about the three types of analysis can be found in D.M.Hamby 
article (Hamby 1994). 
3.2.2 MATLAB  
To support the development of the two sensitivity analyses previously explained, 
a program named MATLAB has been involved. This is a high-level programming 
language that allows the user to perform numerical calculations and statistical 
operations inside an interactive environment (mathworks.com). However, the 
potentials of the program do not finish there, but it can also be used to implement 
algorithms, display functions and data, run simulations, build graphical interface, 
and compute engineering studies. 
MATLAB usually presents four windows (Moore 2012): 
 Command window: located in the center of the program screen, that 
allows the user to write specific functions and algorithms and process 
them; 
 Command history: a window that records the commands written in the 
command window and allows the program to easily find and use them for 
subsequent algorithms; 
 Workspace window: registers the variables that the user defines in the 
command window  in order to not initialize them again; 
 Current folder window: reports all the files that have been recently saved 
or opened. 
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In this paper, the use of MATLAB helps in the comprehension of the links exist-
ing within the task parameters. First, this tool is used for the graphical represen-
tation of the alteration trend of a parameter when another one, which has influ-
ence on it, changes. Then, as a second application, the program is employed 
for the creation of a graphical user interface that allows the human operator to 
personally choose the parameters he wants to modify and the ones that have to 
remain constant and additionally consents to insert customized values for the 
specific process the user has to analyze.   
Before starting the sensitivity analysis, the paper reports the main MATLAB 
commands that have been used for the construction of the method. The follow-
ing table (Table 3. MATLAB commands) is not a guide in the use of MATLAB 
but only to clarify the written query for the construction of the method.  
Table 3. MATLAB commands 
MATLAB commands 
Inputs Outputs 
+ * - / > < = Logical operators used to make computational operations. 
Parameter =str2num(get(han-
dles.Box,'String')) 
Box=set(handles.Box,'String') 
 
This command takes the value inserted by the operator in the box ‘Box’ 
and converts this string in a number in order to use it for the next com-
putations. After that, it associates the number extrapolated to the varia-
ble ‘Parameter’. 
Parameter=rand(Ln,Cl)*N2+N1 This command generates a matrix Ln x Cl of random values comprising 
between N1 and N2, with N2>N1 and associates it to the variable Pa-
rameter. In this paper it is considered the case rand(1,1)*N2+N1 
that returns a random number inside the established interval. 
Parameter=linspace(N1,N2,N) This command generates a string of N values comprising of N1 and N2, 
with N2>N1 and associates it to the variable Parameter. The values 
are equidistant.  
Parameter(1,:) 
Parameter(:,1) 
Parameter(:,:) 
 
 
This command is used in case of operations between matrices or matrix 
and number. Parameter(1,:) indicates that the variable ‘Parame-
ter’ is a matrix with one line and Cl columns; Parameter(:,1)indi-
cates a matrix, that instead, has one column and Ln lines. In the end 
Parameter(:,:)means that ‘Parameter’ is a matrix Ln x Cl. 
Parameter. This command as the one before is used during the operations between 
matrices and numbers and means that ‘Parameter’ is a number and 
not a vector/string/matrix. 
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MATLAB commands 
Inputs Outputs 
tan(angle) 
atan(angle) 
cos(angle) 
sin(angle) 
 
These commands return tangent, arctangent, cosine and sine of the var-
iable ‘angle’ that has to be written in radiant; for this reason if the user 
has an angle in degree he has to convert it, before inserting it in the 
computation, through the formulas: 
angle=(angle_degree/2)*(pi/180) 
abs(Parameter) This function returns the module of the variable ‘Parameter’ 
max(Parameter1,Parameter2) 
 
This command returns the maximum between the two variables Param-
eter1 and Parameter2.  
if Parameter==1 
elseif Parameter==1 
else 
end 
These commands are called the if-then logic and are useful when the 
user wants some strings of command to be processed only in a certain 
condition. The cycle of the logic must be closed with the command end 
switch Box 
case 1 
case 2 
. 
. 
End 
These commands are similar to the if-then logic and are used when the 
user wants to have the possibility to choose between two or more alter-
natives, ‘case’, on which are associated different commands.  
isempty(Box) 
 
This command is useful to indicate that the specific ‘Box’ present in the 
graphical interface is empty. Usually this command is used when it is 
necessary to create a logical if-then and so if the ‘Box’ is empty, some 
commands have to be executed, else, other.  
Result=num2str(Function); 
set(handles.Box,'String',Result); 
 
The commands are used to display the ‘Result’ of a function in a spe-
cific ‘Box’. Before this, the number, outcome of the function, has to be 
converted in string: num2str. 
plot(Parameter1,Parameter2,'-o') The plot is a command that allows the program to display a function 
graphically. In particular, writing in this way the command, it returns the 
trend of the variable Parameter1 in respect to the Parameter2. The 
variables have to be previously initialized through the generation of ran-
dom strings (as showed before) or through the writing of function with 
logical operators.   
 
-o means that the graph will be presented through a continuous line 
and each of the points that the function assumes will be marked with 
circles. 
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MATLAB commands 
Inputs Outputs 
xlabel('Text') 
ylabel('Text') 
The following commands are used to specify the names of the axes, 
xlabel for the name of the x axis, ylabel for the name of y axis. The 
name displayed will be the Text that the user personally inserts in the 
command.  
3.3 One way sensitivity analysis 
The one-way sensitivity analysis starts with the study of the way in which the 
alteration of one parameter can influence another. The parameters reported in 
Chapter 3.2 are examined here in the cases of parallel, angular and vacuum 
grippers. For the reason through which the object pretension is reached, as il-
lustrated in “Robot Grippers” (Monkman et al. 2007) and previously discussed 
in Chapter 2, parallel and angular grippers are classified as belonging to the 
same category of impactive gripper and, for this reason, the equations that rep-
resent their task parameters in this paper are considered the same. Different 
situations occur instead for vacuum grippers that belong to the category of as-
trictive grippers and that have completely different equations.   
For the analysis, the first step is to initialize the parameters: 
 Variable parameters are determined as a range of fifty values, randomly 
generated through MATLAB, which are comprised of minimum and  
maximum values; 
 Constant parameters instead assume only one value and, even in this 
case, are extrapolated from a range of values.  
The boundaries, taken as a limit for the range, are not the real working values, 
but they are estimated from examples reported in books such as “Robot Gripper” 
(Monkman 2007) or sites such as the home page of the Schmalz industry for 
the values of vacuum grippers (http://us.schmalz.com/).    
After initialization, the second step is to write, for each parameter, the MATLAB 
command and display the graphs that show the trend of the parameter’s value 
in order to understand how it change consequently to a modification of the situ-
ation and calculate the impact of the change.      
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3.3.1 Changes in object size: 
 
 
The first parameter analyzed in the sensitivity analysis is the size of the work-
piece that has to be gripped during the task. When the object changes its size 
(Figure 18) some other parameters change consequently: time of fingers open-
ing/closing or time of evacuation for vacuum grippers, pressure on a surface and 
free space for mounting. Following the consequences that an alteration of the 
object size causes on each of the parameters are reported.  
 Time fingers/Time vacuum: 
For parallel and angular grippers the alteration of 
the object size influences the time of fingers open-
ing/closing. 
𝑇 =
𝑂 − 𝑑
𝑣𝑓
 
 
(3) 
Where: 
T    time of fingers opening/closing [s] 
vf    speed of the fingers during opening/closing [mm/s]  
O    maximum gripper opening [mm] 
d     external size of the workpiece [mm] 
s    (in Figure 19) distance between the gripper fingers 
and the object (the object has to be disposed centered 
in respect to the gripper); O – d= 2s.  
 
Figure 18. Changes in object size 
Figure 19. Gripper 
maximum opening 
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The implementation of the equation T (3) on MATLAB runs the following steps: 
d=linspace(1,250,50) 
vf=rand(1,1)*150+1 
O=rand(1,1)*400+300 
T=(O-d(1,:))/vf 
plot(T,d,'-o') 
xlabel('Time [s]') 
ylabel('Space [mm]') 
 
The variables d, vf, O are initialized 
with random values that are included 
inside a limit range. While O and vf 
can assume just one value, d is al-
lowed to change. In particular, fifty possible values of d alteration are consid-
ered. The way in which the alterations of the external size of the object can 
influence the fingers opening/closing time is displayed in Figure 20.   
It is possible to see that, for an increment of the object size, the time of fingers 
opening/closing decreases. This is because the space that the fingers have to 
cover in order to grip the workpiece is shorter. 
 
The impact of the change can be calculated comparing the equation of the time 
before and after the change of the size of the object, the results are reported in 
Tab. 3: 
Table 3. Change in object size – fingers opening/closing time 
Alteration of the object size (%) Alteration of fingers opening/closing time (%) 
10% - 4% 
20% - 7.8% 
30% - 11.8% 
40% - 15.9% 
 
 
The same procedure can be applied to the angular gripper, because the working 
way in respect to the parallel gripper is unchanged. The only difference is that, 
in this case, the space covered by the gripper has to be expressed as a radiant; 
but the results of the equation are exactly as in Figure 20.  
Figure 20. Graph Time finger 
opening/closing - Space to cover 
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A different case is for the vacuum grippers, for which the time alteration is due 
to the time necessary to grip/evacuate the workpiece (Monkman et al. 2007) 
which is a function of the volumetric air flow rate (4). 
𝑑𝑄
𝑑𝑡
=
𝑑𝑉2
𝑑𝑡2
= 𝑄0 ∙ 𝑒
−
𝑡𝑒𝑣
𝜏  (4) 
Where: 
𝑑𝑄
𝑑𝑡
     change of volumetric air flow rate [m3/s2] 
𝑄0     initial value of the flow rate [m3/s] 
tev     evacuation time [s] 
𝜏       time constant dictated by the elasticity of the suction cup material [s] 
V      air volume during the gripping/evacuating operation [m3] 
The time does not depend on the size of the object and for this reason, the cycle 
time of a vacuum grippers does not suffer variation when different pieces are 
gripped. 
 Free space for mounting: 
For parallel and angular grippers the free space for mounting can be written 
as follows (Monkman et al. 2007): 
f =  d +  2 (s +  e +  c)   (1) 
Where: 
f    free space for mounting [mm] 
d   width/diameter of the component [mm] 
s   free space [mm] 
c    finger width [mm] 
e    prism depth [mm] 
 
The MATLAB command in order to perform the equation  (1) is: 
d=linspace(10,250,50) 
s=rand(1,1)*100+50 
e=rand(1,1)*20+2 
c=rand(1,1)*80+20 
f=d(1,:)+(2*(s+e+c)) 
plot(f,d,'-o') 
xlabel('Free space for mounting[mm]') 
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ylabel('Diameter [mm]')  
 
 
 
As it is possible to see from the graphic 
in Figure 21 obtained from the 
MATLAB commands, increasing the 
size of the object, the free space for 
mounting, that represents the encum-
brance of the gripper during the grip-
ping process, grows consequently.  
 
 
 
The impact of the change can be calculated comparing the equation of the time 
before and after the change of the size of the object, the results are reported in 
Tab. 4: 
Table 4. Change in object size – free space for mounting 
Alteration of the object size (%) Free space for mounting (%) 
10% 3% 
20% 6% 
30% 10% 
40% 13,3% 
 
Different case is for vacuum grippers in which the alteration of the object size 
does not influence the free space for mounting (Monkman et al. 2007).  
𝑓 = 11.3√
𝑚 ∙ 𝑘
𝜎𝑢 ∙ 𝑛
 (2) 
 
Where: 
f    diameter of circular suction cup or free space of mounting of a vacuum grip-
pers [mm] 
m  workpiece mass [kg] 
Figure 21. Graph Free space for 
mounting - Diameter/Width of the 
workpiece 
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𝜎𝑢 applied vacuum pressure [bar] within the sealed suction volume. 
n   number of suction cups 
k   safety factor. Typically: k=2 to 3 
This equation shows that the parameter f for the free space for mounting de-
pends on the mass of the workpiece, on the pressure applied, on the number of 
suction cups and on a safety factor. The changes of workpiece size, for this 
reason, does not effect it. An alteration can only happen in the case of the mass 
of the workpiece changing together with the size, as the paper is going to show 
in the following analysis. 
 Pressure on a surface: 
For angular and parallel grippers the pressure on a surface can be different 
depending on the gripping area and on the type of contact achieved between 
the gripper fingers and the object (Monkman et al. 2007, Siciliano et al. 2008) . 
Figure 22 shows the different situations that can occur. 
Where: 
p         pressure on a surface [N/mm2] 
𝐸𝑟        average coefficient of elasticity [N/mm2] 
𝑑           diameter of gripped object [mm] 
𝐹𝑘        contact force [N] 
r            radius of curvature of the gripper jaw [mm] (r = ∞ corresponds to plane 
surfaces) 
0,418   empirical constant 
L           contact line length [mm] 
mc       coefficient function of the parameter (2 ∙ r) / d    
a          high of the contact surface [mm] 
b          width of the contact surface [mm] 
𝐴 = 𝑎 ∙ 𝑏    prehension surface area [mm2] 
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The procedure followed on MATLAB starts with the initialization of the 
parameters listed above in order to maintain the majority of them as constant 
and allow only a variation in the size of the object. In this case for 
cylindrical/spherical objects the variable parameters is d, instead for prismatic 
workpiece, the variable value can be a or b (only one parameter can be changes 
at a time in this analysis). Being a and b inside a mathematical multiplication, it 
is not important which of them changes because the result is unaffected. The 
parameters initially can be exploited as follows: 
Er=rand(1,1)*210000+3000  
r=rand(1,1)*300+5 
L=rand(1,1)*200+5 
Fk=rand(1,1)*1500+10 
Figure 22. Equations pressure on a surface (Monkman et al. 2007) 
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a=rand(1,1)*250+5 
b=linspace(5,250,50) 
d=linspace(10,250,50) 
After initializing the parameters, this paper analyses the five cases in detail, 
trying to graphically explain, through MATLAB, the link between the diameter or 
contact surface area of a workpiece and the pressure exercised on it. 
Case a) Contact line with convex gripper jaw shape (Monkman et al. 2007, Si-
ciliano et al. 2008) 
𝑝 = 0.418√
𝐹𝑘 ∙  𝐸𝑟
𝐿 
 (
2
𝑑
+
1
𝑟
)   (5) 
Where: 
p         pressure on a surface [N/mm2] 
𝐸𝑟        average coefficient of elasticity [N/mm2] 
𝑑           diameter of gripped object [mm] 
𝐹𝑘        contact force [N] 
r            radius of curvature of the gripper jaw [mm] (r = ∞ corresponds to plane 
surfaces) 
0,418   empirical constant 
L           contact line length [mm] 
The command (5) on MATLAB is: 
f1=Fk*Er/L 
f2=2./d(1,:) 
f3=1/r 
p=0.418*sqrt(f1.*(f2(1,:)+f3)) 
plot(p,d,'-o') 
xlabel('Pressure [N/mm2]') 
ylabel('Diameter [mm]') 
 
 
Case b) Contact line with concave gripper jaw shape (Monkman 2007, Siciliano 
et al. 2008) 
𝑝 = 0.418√
𝐹𝑘 ∙  𝐸𝑟
𝐿 
 (
2
𝑑
−
1
𝑟
)   (6) 
Where: 
Figure 23. Graph Pressure -
Workpiece diameter: Case a) 
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p         pressure on a surface [N/mm2] 
𝐸𝑟        average coefficient of elasticity [N/mm2] 
𝑑           diameter of gripped object [mm] 
𝐹𝑘        contact force [N] 
r            radius of curvature of the gripper jaw [mm] (r = ∞ corresponds to plane 
surfaces) 
0,418   empirical constant 
L           contact line length [mm] 
 
MATLAB command (6): 
f1=Fk*Er/L 
f2=2./d(1,:) 
f3=1/r 
p=0.418*sqrt(f1.*(f2(1,:)-f3)) 
plot(p,d,'-o') 
xlabel('Pressure [N/mm2]') 
ylabel('diameter [mm]') 
 
 
Case c) Contact line with parallel gripper jaw shape (Monkman 2007, Siciliano 
et al. 2008) 
𝑝 = 0.418√
2 ∙  𝐹𝑘 ∙  𝐸𝑟
𝐿 ∙ 𝑑
  (7) 
Where: 
p         pressure on a surface [N/mm2] 
𝐸𝑟        average coefficient of elasticity [N/mm2] 
𝑑           diameter of gripped object [mm] 
𝐹𝑘        contact force [N] 
0,418   empirical constant 
L           contact line length [mm] 
 
MATLAB command (7): 
f1=2*Fk*Er 
f2=L*d(1,:) 
p=0.418*sqrt(f1./f2(1,:)) 
Figure 24. Graph Pressure - 
Workpiece diameter: Case b) 
DEVELOPMENT OF THE MODEL 
52 
 
plot(p,d,'-o')  
xlabel('Pressure [N/mm2]') 
ylabel('diameter [mm]') 
 
 
 
 
 
 
 
Case d) Contact point (Monkman 2007, Siciliano et al. 2008) 
𝑝 = 𝑚𝑐 ∙  √
𝐹𝑘 ∙  𝐸𝑟
2
𝑟2
3
 (8) 
Where: 
p         pressure on a surface [N/mm2] 
𝐸𝑟        average coefficient of elasticity [N/mm2] 
𝐹𝑘        contact force [N] 
0,418   empirical constant 
mc       coefficient function of the parameter (2 ∙ r) / d    
𝑑           diameter of gripped object [mm] 
r          radius of curvature of the grip-
per jaw [mm] (r = ∞ corresponds to 
plane surfaces)  
MATLAB command (8): 
mc=2*r./d(1,:) 
p=mc(1,:)*nthroot(Fk*(Er^2)/ 
(r^2),3) 
plot(p,d,'-o') 
xlabel('Pressure [N/mm2]') 
ylabel('diameter [mm]') 
 
 
Figure 25. Graph Pressure - 
Workpiece diameter: Case c) 
Figure 26. Graph Pressure -
Workpiece diameter: Case d) 
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Case e) Contact surface (Monkman 2007, Siciliano et al. 2008) 
𝑝 =  
𝐹𝑘
𝐴
 (9) 
Where: 
p              pressure on a surface [N/mm2] 
𝐹𝑘             contact force [N] 
A= a ∙  b   Prehension surface area  
 
MATLAB command (9): 
ab=a.*b(1,:) 
p=Fk./ab(1,:) 
plot(p,ab,'-o') 
xlabel('Pressure [N/mm2]') 
ylabel('diameter [mm]') 
 
The commands on MATLAB for each 
of the five cases return, a graph of a 
descendant exponential (from Figure 
23 to Figure 27). This means that when the object to be gripped increases in 
size, the surface pressure exercised by the gripper fingers lowers. This decre-
ment happens because the contact pressure is distributed over the whole work-
piece volume and for this reason, the larger the size of the object is, the bigger 
the volume on which the pressure is dispersed and consequently, the less pres-
sure influencing the specific contact line/point/surface. 
The impact of the change can be calculated comparing the equation of the time 
before and after the change of the size of the object, the results are reported in 
Tab. 5: 
Table 5. Change in object size - pressure 
Alteration 
of the 
object size 
(%) 
Alteration of 
surface 
pressure (%) 
Case a) 
Alteration of 
surface 
pressure (%) 
Case b) 
Alteration of 
surface 
pressure (%) 
Case c) 
Alteration of 
surface 
pressure (%) 
Case d) 
Alteration of 
surface 
pressure (%) 
Case e) 
10% - 2% - 12.9% - 4.1% - 2.6% - 1.88% 
20% - 3.76% - 15.3% - 5.32% - 4.34% - 3.3% 
30% - 5.27% - 19.9% - 7.2% - 5.8% - 4.67% 
40% - 6.55% - 23.2% - 8.41% - 6.94% - 5.9% 
Figure 27. Graph Pressure -
Workpiece diameter: Case e) 
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For vacuum grippers, the pressure insisting on a surface can be expressed in 
the following way (Monkman et al. 2007): 
    𝜎 =
𝐹𝐺 − 𝑚 ∙ (𝑔 + 𝑎𝑙)
𝐴
 (10) 
Where:  
σ   vacuum surface pressure [N/mm2]  
g   acceleration due to gravity [m/s2] 
al   linear maximum acceleration [m/s2] 
FG   gripping force [N] 
A   prehension surface area [mm2] 
In this case, the surface pressure of a vacuum gripper does not directly depend 
on the size of the object, but it is influenced by its weight. If a change of object 
size maintains an invariant weight, for example because of the use of a different 
material, the pressure does not suffer any variation. However, in real applica-
tions, a change in object size, with the other conditions stable, is usually followed 
by a modification of the weight of the object. This situation is analyzed  after-
wards. Regarding the prehension surface area, it designates the part of the con-
tact surface in which the prehension occurs. The surface area is determined by 
the area of the gripper suction cup and for this reason does not depend on the 
object size. The only limit that can occur is that objects with smaller sizes than 
the suction cup, cannot be gripped, but they require a gripper change. 
 
3.3.2  Changes in object shape: 
 
 
 
 
 
 
 
The change of the object shape (Figure 28) for parallel and angular grippers 
influences the way in which the gripper catches the object and in particular, the 
parameter of the gripping contact area. As already shown for the surface pres-
sure, in the case of a prismatic object, the gripping area is constituted by a sur-
face, if the object is cylindrical it becomes a line and it reduces to a point in the 
case of spherical object. 
d/2 
d 
w 
h h 
Figure 28. Changes in object shape 
DEVELOPMENT OF THE MODEL 
55 
 
Vacuum grippers are generally not influenced by a change in object shape, but 
this alteration can compromise the success of the operation. Vacuum grippers 
require planar and smooth surfaces in order to complete an accurate prehension 
operation and if the shape does not have these characteristics, this type of grip-
per must not be used.  
3.3.3  Changes in object weight: 
There are many cases in which the mass of an object can change: the increment 
of the object size, the employment of different material types, the different po-
rosity etc. If one modification occurs, two parameters are the mostly affected: 
the gripping force and the contact force. 
 Gripping force: 
The gripping force is the force that the gripper exercised over an object in order 
to assure a stable prehension and avoid the loose of the workpiece during the 
movements. According to the types of jaws through which the object is gripped, 
there are five types of gripping force for parallel and angular grippers (Monk-
man et al. 2007, Cutkosky 1989): 
 
Case a) Gripping force in case of plane jaw gripper (Figure 29) 
𝐹𝐺 =
𝑚 ∙ (𝑔 + 𝑎𝑙)
𝜇 ∙ 𝑛
∙ 𝑘 (11) 
Where 
FG    gripping force [N] 
g      acceleration due to the gravity [m/s2] 
𝑎𝑙     linear maximum acceleration [m/s2] 
µ      friction coefficient between the gripper 
and the workpiece; µ =0.04 to 1 
m     workpiece mass [kg] 
n      number of fingers and jaws 
k      safety factor, k = 2 to 4 
 
Before entering in the detail of the study, as 
implemented for the surface pressure in the 
previous analysis, it is useful to initialize the parameters, in order not to repeat 
them in each step. 
Figure 29. Plane jaw gripper 
where: 1 fingers, 2 plane 
jaws, 3 workpiece, 4 gripper 
(Monkman et al. 2007) 
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The initialization is the following: 
g=9.81 
u=rand(1,1)*1+0.04 
n=2 
k=rand(1,1)*4+2 
m=linspace(0.05,10,50) 
al=rand(1,1)*40+6 
ag=rand(1,1)*85+10 
alpha=(ag/2)*(pi/180) 
 
al and ag are not used in the first case of gripping force, but are reported here in 
order to have a better coherence of the explanation. 
After the initialization the computational algorithm can be written for each of the 
cases. 
For the first case of plane jaw gripper 
(11) the MATLAB command is: 
Fg=(m*(g+a)/(u*n))*k 
plot(Fg,m,'-o') 
xlabel('Gripping Force [N]') 
ylabel('Mass [kg]') 
 
 
 
 
 
 
Case b) Gripping force in case of prism jaw gripper with shape force-mating 
(Figure 31) 
 
𝐹𝐺 = 𝑚(𝑔 + 𝑎𝑙) ∙ 𝑘 (12) 
Where: 
FG    gripping force [N] 
g      acceleration due to the gravity [m/𝑠2] 
m     workpiece mass [kg] 
k      safety factor, k = 2 to 4 
𝑎𝑙     linear maximum acceleration [m/s2] 
 
Figure 30. Graph Gripping force 
- Workpiece Mass: Case a) 
 
Figure 31. Prism jaw gripper 
with shape-force mating 
(Monkman et al. 2007) 
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MATLAB command (12): 
Fg=m*(g+al)*k 
plot(Fg,m,'-o') 
xlabel('Gripping Force [N]') 
ylabel('Mass [kg]') 
 
 
 
 
 
 
 
 
Case c) Gripping force in case of prism jaw gripper with shape and friction mat-
ing with both of the jaws moving (Figure 33)  
𝐹𝐺 =
𝑚(𝑔 + 𝑎𝑙)
2
tan 𝛼 ∙ 𝑘 (13) 
Where:  
FG    gripping force [N] 
g      acceleration due to the gravity [m/𝑠2] 
m     workpiece mass [kg] 
𝑎𝑙     linear maximum acceleration [m/s2] 
k      safety factor, k = 2 to 4 
α      prism angle jaw gripper 
MATLAB command (13): 
Fg=(m*(g+al))/2*k*(tan(alpha)) 
plot(Fg,m,'-o') 
xlabel('Gripping Force [N]') 
ylabel('Mass [kg]') 
 
 
 
 
 
 
 
Figure 32. Graph Gripping force 
- Workpiece Mass: Case b) 
 
Figure 34. Graph Gripping force - 
Workpiece Mass: Case c) 
Figure 33. Prism jaw gripper 
with shape-force mating: both 
fingers moving (Monkman et al. 
2007) 
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Case d) Gripping force in case of prism jaw gripper with shape and friction mat-
ing with one fix jaw (Figure 35) 
𝐹𝐺 = 𝑚(𝑔 + 𝑎𝑙) tan 𝛼 ∙ 𝑘 (14) 
 
Where: 
FG    gripping force [N]  
g      acceleration due to the gravity [m/s2] 
m     workpiece mass [kg] 
𝑎𝑙     linear maximum acceleration [m/s2] 
k      safety factor, k = 2 to 4 
α      prism angle jaw gripper 
 
MATLAB command (14): 
Fg=(m*(g+al))*k*(tan(alpha)) 
plot(Fg,m,'-o') 
xlabel('Gripping Force [N]') 
ylabel('Mass [kg]') 
 
 
 
 
 
 
Case e) Gripping force in case of prism angle jaw gripper with pure friction mat-
ing (Figure 37) 
 
𝐹𝐺 =
𝑚(𝑔 + 𝑎𝑙)
2 ∙ 𝜇
sin 𝛼 ∙ 𝑘 (15) 
 
Where:  
FG    gripping force [N] 
g      acceleration due to the gravity [m/𝑠2] 
µ      friction coefficient between the gripper and 
the workpiece; µ =0.04 to 1 
m     workpiece mass [kg] 
𝑎𝑙     linear maximum acceleration [m/s2] 
k      safety factor, k = 2 to 4 
α      prism angle jaw gripper 
 
 
Figure 36. Graph Gripping force 
- Workpiece Mass: Case d) 
 
Figure 37. prism angle 
jaw gripper with pure fric-
tion mating (Monkman et 
al. 2007) 
Figure 35. Prism jaw grip-
per with shape-force mat-
ing: one fix jaw (Monk-
man et al. 2007) 
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MATLAB program (15): 
Fg=(m*(g+al))/(2*u)*k*(sin(al-
pha)) 
plot(Fg,m,'-o') 
xlabel('Gripping Force [N]')  
ylabel('Mass [kg]') 
 
 
 
As it is possible to see from the graph-
ical representations obtained with the 
use of MATLAB, in each case, an in-
crease of the object weight leads to a 
proportional increment of the gripping force in order to assure a stable prehen-
sion (from Figure 30 to Figure 38).    
The impact of the change can be calculated comparing the equation of the time 
before and after the change of the size of the object, the results are reported in 
Tab. 6: 
Table 6. Change in object mass - gripping force 
Alteration of 
the object 
mass (%) 
 
Alteration of 
gripping force 
(%) 
Case a) 
Alteration of 
gripping 
force (%) 
Case b) 
Alteration of 
gripping 
force (%) 
Case c) 
Alteration of 
gripping 
force (%) 
Case d) 
Alteration of 
gripping force 
(%) 
Case e) 
10% 9.9% 10% 10% 10% 9.76% 
20% 21.89% 20% 20% 20% 21.88% 
30% 29.66% 30% 30% 30% 29.59% 
40% 39.78% 40% 40% 40% 39.58% 
 
 
For which it concerns the vacuum grippers, there are two cases of gripping 
force, according to the direction of prehension performed by the robot (cata-
log.schmalz.com): gripping force in case of horizontal movement direction and 
gripping force in case of vertical movement direction. 
Figure 38. Graph Gripping force - 
Workpiece Mass: Case e) 
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Case a) Gripping force in case of horizontal direction (Figure 39) 
𝐹𝐺 = 𝑚 ∙ (𝑔 +
𝑎𝑙
𝜇
) ∙ 𝑘 (16) 
Where: 
FG    gripping force [N] 
g      acceleration due to the gravity [m/𝑠2] 
µ      friction coefficient between the gripper and 
the workpiece; µ =0.04 to 1 
m     workpiece mass [kg] 
𝑎𝑙     linear maximum acceleration [m/s2] 
k      safety factor, k = 2 to 4 
MATLAB command (16): 
Fg=m(1,:)*(g+(al/u)).*k 
plot(Fg,m,'-o') 
xlabel('Gripping Force [N]') 
ylabel('Mass [kg]') 
 
 
 
 
 
 
 
 
 
Case b) Gripping force in case of vertical direction (Figure 41) 
𝐹𝐺 =
𝑚
𝜇
∙ (𝑔 + 𝑎𝑙) ∙ 𝑘 (17) 
Where: 
FG    gripping force [N]  
g      acceleration due to the gravity [m/𝑠2] 
µ     friction coefficient between the gripper and the 
workpiece; µ =0.04 to 1 
m     workpiece mass [kg] 
𝑎𝑙     linear maximum acceleration [m/s2] 
k      safety factor, k = 2 to 4 
 
Fg 
m*g Fa 
Fg 
Figure 39. Horizontal grip-
ping direction (schmalz.com) 
Figure 40. Graph Gripping force -  
Workpiece Mass: horizontal 
vacuum 
Figure 41. Vertical gripping 
direction (schmalz.com) 
m*g 
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MATLAB command (17): 
Fg=m(1,:)/u.*(g+al).*k 
plot(Fg,m,'-o') 
xlabel('Gripping Force [N]') 
ylabel('Mass [kg]') 
 
Even in this case, heavier the object 
is, higher the force exercised by the 
gripper (Figure 40 and Figure 42). 
However, in both the cases of paral-
lel/angular grippers and vacuum 
grippers, it is important not to forget 
the breaking load of the object to be 
gripped. Indeed, if a higher gripping force allows to avoid a loss of the workpiece 
during the movements, a too high value of this, can lead to an irreversible break 
of the object.  
 
The analysis performed in this paper does not forecast the study of the alteration 
of the breaking load and breaking stress coefficients, but they have to be con-
sulted during the phase of choice of the most suitable parameters for a specific 
task. 
The impact of the change can be calculated comparing the equation of the time 
before and after the change of the size of the object, the results are reported in 
Tab. 7: 
Table 7. Change in object mass – gripping force (vacuum) 
Alteration of the 
object mass (%) 
 
Alteration of gripping force (%) 
Case a) 
Alteration of gripping force (%) 
Case b) 
10% 9.9% 9.9% 
20% 21.89% 21.89% 
30% 29.66% 29.66% 
40% 39.78% 39.78% 
 
 
 Contact force: 
The contact force (Figure 43) is the force generated from the contact point be-
tween the gripper fingers and the object surface. It is possible to distinguish 
Figure 42. Graph Gripping force -   
Workpiece Mass: vertical vacuum 
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different equations of the contact force, according to the type of jaws that realize 
the prehension and to the way in which they operate. 
In a parallel/angular grippers with plane jaws, 
the contact force coincides with the gripping force. 
The study of the gripping force has been previ-
ously shown in the paragraph above. 
For a parallel/angular jaw gripper with double-
sided or single-sided prismatic jaws the con-
tact force can assume different values according 
to the gripping ways shown for the gripping force 
(Monkman et al. 2007): 
Case a) Contact forces in case of shape force-mating (Figure 44) 
Where: 
Fki   contact force point i [N] 
α1    angle between point 1 and the gripping force  
[degree] 
α2     angle between point 2 and the gripping force 
[degree] 
g     acceleration due to the gravity [m/s2] 
𝑎𝑙    linear maximum acceleration [m/s2]  
m    workpiece mass [kg] 
The initialization of the parameters can be processed as follows: 
g=9.81 
al=rand(1,1)*40+6 
ag1=rand(1,1)*45+0.5 
ag2=rand(1,1)*45+0.5 
m=linspace(0.5,10,50) 
alpha1=(ag1/2)*(pi/180) 
alpha2=(ag2/2)*(pi/180) 
 
For which it concerns the method, the following steps can be implemented: 
𝐹𝑘1 =
𝑚(𝑔 + 𝑎𝑙) sin 𝛼2
sin (𝛼1 + 𝛼2)
;    𝐹𝑘2 =
𝑚(𝑔 + 𝑎𝑙) sin 𝛼1
sin (𝛼1 + 𝛼2)
 
 
(18) 
 
Figure 43. Contact force 
(Monkman et al. 2007) 
Figure 44. Contact force 
in case of shape force-
mating (Monkman et al. 
2007) 
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MATLAB command (18): 
Fk1=m*(g+al)*(sin(al-
pha2))/(sin(alpha1+alpha2)) 
Fk2=m*(g+al)*sin(alpha1)/sin(al-
pha1+alpha2) 
plot(Fk1,m,'-o') 
hold on  
plot(Fk2,m,'-o') 
xlabel('Contact force [N]') 
ylabel('Mass [kg]') 
 
 
 
In the graph of Figure 45 the blue line rep-
resents the contact force Fk1, instead the red line represents the contact force 
Fk2.  
The differences in the values of the contact forces are due to the different jaw 
angles formed between the line that goes through the object center of mass and 
the contact points that the gripper generates with the object surface. 
 
Case b) Contact force in case of shape and friction mating with both fingers 
moving (Figure 46) 
 
 
Where: 
Fki  contact force point i [N] 
α1   angle between point 1 and the gripping force [de-
gree] 
α2     angle between point 2 and the gripping force [de-
gree] 
g     acceleration due to the gravity [m/s2] 
𝑎𝑙   linear maximum acceleration [m/s2] 
m    workpiece mass [kg] 
 
 
MATLAB program (19): 
Fk1=m*(g+al)/(2*cos(alpha1)) 
𝐹𝑘1 =
𝑚(𝑔 + 𝑎𝑙)
2 ∙ cos 𝛼1
;     𝐹𝑘2 =
𝑚(𝑔 + 𝑎𝑙) tan 𝛼2
2 ∙ cos 𝛼2
 
 
  (19) 
 
Figure 45. Graph Contact force - 
Workpiece mass: case a) 
 
Figure 46. Contact force in 
case of shape and friction 
force mating with both fin-
gers moving (Monkman et 
al. 2007) 
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Fk2=m*(g+al)*(tan(al-
pha2))/(2*cos(alpha2)) 
plot(Fk1,m,'-o') 
hold on  
plot(Fk2,m,'-o') 
xlabel('Contact force [N]') 
ylabel('Mass [kg]') 
 
In the graph of Figure 47, the blue line 
represents the contact force Fk1, in-
stead the red line represents the con-
tact force Fk2. 
 
 
Case c) Contact force in case of shape and friction mating with one finger fixed 
(Figure 48) 
Where: 
Fki  contact force point i [N] 
α2     angle between point 2 and the gripping force 
[degree] 
g     acceleration due to the gravity [m/s2] 
𝑎𝑙    linear maximum acceleration [m/s2] 
m    workpiece mass [kg] 
MATLAB application (20): 
Fk1=m*(g+al)*tan(alpha2) 
Fk2=m*(g+al)/(2*cos(alpha2)) 
plot(Fk1,m,'-o') 
hold on  
plot(Fk2,m,'-o') 
xlabel('Contact force [N]') 
ylabel('Mass [kg]') 
 
In the graph of Figure 49 the blue line 
represents the contact force Fk1, instead 
𝐹𝑘1 = 𝐹𝐺 = 𝑚(𝑔 + 𝑎𝑙) tan (𝛼2);    𝐹𝑘2 =
𝑚(𝑔 + 𝑎𝑙)
2 ∙ cos 𝛼2
 
 
(20) 
 
Figure 47. Graph Contact force - 
Workpiece mass: case b) 
 
Figure 48. Contact force 
in case of shape and fric-
tion force mating with one 
fix jaw (Monkman et al. 
2007) 
 
 
Figure 49. Graph Contact force - 
Workpiece mass: case c) 
 
DEVELOPMENT OF THE MODEL 
65 
 
the red line represents the contact force Fk2. 
 
Case d) Contact force in case of pure friction mating (Figure 50) 
Where: 
Fk   contact force [N] 
g     acceleration due to the gravity [m/s2] 
𝑎𝑙    linear maximum acceleration [m/s2] 
m    workpiece mass [kg] 
µ     friction coefficient, µ=0.04 to 1.0 
 
MATLAB command (21): 
u=rand(1,1)*1+0.04 
Fk=m*(g+al)/(4*u) 
plot(Fk,m,'-o') 
xlabel('Contact force [N]') 
ylabel('Mass [kg]') 
 
 
 
 
 
The contact force exercised by the gripper 
fingers on a workpiece has the same proportional trend of the gripping force: 
when the mass of the object becomes heavier, it increases. In the first three 
cases of shape force mating and shape-friction force mating (Figures 45, 47, 
49), the contact force can be split in two forces. This happens because the ver-
tical lifting of the object brings its weight to affect the contact points. For each of 
the two contact forces, one angle is generated during the contact between the 
object and the gripper fingers. The analysis illustrated above, considers the two 
angles as different, in order to have a larger vision of the possible situations. 
However, for a correct and safer prehension, the angles must be equal and the 
two forces compensate each other (Monkman et al. 2007). In the fourth case, 
on the contrary (Figure 51), the object is gripped in a horizontal way and this 
leads to a contact force parallel to the gripping direction (no angles generation) 
and which is split in four forces acting on the four contact points.   
𝐹𝑘 =
𝑚(𝑔 + 𝑎𝑙)
4 ∙ μ
 
 
(21)  
Figure 51. Graph Contact force 
- Workpiece mass: case d) 
 
Figure 50. Contact force in 
case of pure friction mating 
(Monkman et al. 2007) 
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The impact of the change can be calculated comparing the equation of the time 
before and after the change of the size of the object, the results are reported in 
Tab. 8: 
Table 8. Change in object mass – contact force  
Alteration of the 
object mass (%) 
 
Alteration of contact force (%) 
Case a) 
Alteration of contact force (%) 
Case b) 
10% 12.45% 9.9% 
20% 25.78% 21.89% 
30% 36.36% 29.66% 
40% 43.2% 39.78% 
 
Regarding vacuum grippers, the contact force between the suction cup and 
the workpiece can be expressed as following (Monkman et al.2006): 
 
 
Where: 
𝜎0    atmospheric pressure [bar], depends on the geografical height 
𝜎𝑢    applied vacuum pressure [bar] within suction volume 
A     prehension surface area [m2]         
 
It is possible to see that the equation of contact force for a vacuum grippers does 
not depend on the mass of the object but on the size of the gripping area. There-
fore, it is important to study the alteration that the gripping area has on the con-
tact force. This topic will be analyzed afterwards.   
 
 Slippage coefficient: 
The slippage is a coefficient that indicates the resulting force influencing the 
workpiece sliding down out of the gripper prehension (Zaki 2010). This param-
eter has to be reduced in order to avoid the loss of the workpiece during the 
lifting. 
 
Where  
S      slippage coefficient [N] 
m     object mass [kg] 
𝐹 = (𝜎0 − 𝜎𝑢) 𝐴 (22) 
𝑆 =  𝑚 ∙  𝑔 –  2 μ 𝐹𝐺    (23) 
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µ      coefficient of friction 
g      acceleration due to the earth gravity [m/s2] 
FG     gripping force [N] 
 
The study of the slippage coefficient can be developed in the same way for par-
allel/angular grippers and vacuum grippers.  
MATLAB command (23): 
m=linspace(0.05,10,50) 
g=9.81 
u=rand(1,1)*1+0.04 
Fg=rand(1,1)*120+20 
S=m*g-(2*u*Fg) 
plot(S,m,'-o') 
xlabel('Slippage coefficient 
[m/s]') 
ylabel('Object weight [kg]') 
 
 
In case of stable conditions in which all the parameters except the mass of the 
object are considered constant, heavier the object to be gripped is and higher 
the slippage coefficient (Figure 52). This means that, during an increment of the 
workpiece mass, if the gripping force is not powerful enough to maintain the 
object, it will slowly fall down. A negative slippage coefficient instead represent 
the opposite case in which the object is stable and motionless and it can easily 
lifted by the robot hand. 
The impact of the change can be calculated comparing the equation of the time 
before and after the change of the size of the object, the results are reported in 
Tab. 9: 
Table 9. Change in object mass – slippage coefficient 
Alteration of the 
object mass (%) 
 
Alteration of slippage 
coefficient (%) 
 
10% 13.23% 
20% 26.% 
30% 39.71% 
40% 52.9% 
Figure 52. Graph Slippage 
coefficient - Workpiece weight 
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3.3.4  Changes in workpiece position: 
When the position of the object to be gripped changes, there are some param-
eters such as trajectory, speed, acceleration, time of the movements, positioning 
error and orientation of the robot wrist that are influenced and consequently 
change in order to maintain the same working conditions. The analysis of the 
way in which the parameters are affected by the workpiece position is developed 
in the same way for parallel/angular grippers and vacuum grippers, because 
this factor influences the robot parameters and not those connected to the ty-
pology of gripper. 
 Trajectory: 
The trajectory of a robot arm can be represented as a polynomial expression, 
function of position, speed and acceleration of the robot arm. In the paper, for 
an easier analysis, it is considered the example of a cubic trajectory (Rocco 
2003): 
 
Where: 
𝑞(𝑡)  position at a generic instant t [mm]                                                                
t 𝜖 [𝑡𝑓, 𝑡𝑖] with 𝑡𝑖 initial operations time, 𝑡𝑓 final operations time [s] 
𝑎0, 𝑎1, 𝑎2 and 𝑎3 are coefficient calculated with the following initial conditions: 
𝑞(𝑡𝑖) = 𝑞𝑖    initial robot position [mm]                                                               
?̇?(𝑡𝑖) = ?̇?𝑖    initial robot speed [m/s]                                                               
𝑞(𝑡𝑓) = 𝑞𝑓   final robot position [mm]                                                                                                                   
?̇?(𝑡𝑓) = ?̇?𝑓   final robot speed [m/s]                                                               
 
Deriving and substituting in the equation q(t) the initial conditions, it is possible 
to calculate the coefficients  𝑎0, 𝑎1, 𝑎2 and 𝑎3 .                                                             
The obtained expressions for the coefficients are: 
 
𝑞(𝑡) =  𝑎0  + 𝑎1(𝑡 − 𝑡𝑖) + 𝑎2(𝑡 − 𝑡𝑖)
2 + 𝑎3(𝑡 − 𝑡𝑖)
3 (24) 
𝑎0 = 𝑞𝑖        
𝑎1 = ?̇?𝑖 
 𝑎2 =
−3(𝑞𝑖 − 𝑞𝑓) − (2?̇?𝑖 + ?̇?𝑓)𝑇
𝑇2
 
𝑎3 =
2(𝑞𝑖 − 𝑞𝑓) + (?̇?𝑖 + ?̇?𝑓)𝑇
𝑇3
 
With 𝑇 = 𝑡𝑓 − 𝑡𝑖 
 
 
     (25) 
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For this analysis, some considerations have been formulated. First of all the fact 
that the trajectory can been divided in two parts (as showed in Chapter 2 – Fan-
toni et al. 2014): from the gripper initial position to the object position and from 
there to the position in which the object has to be located (see Figure 53).  
 
The initial position of the ro-
bot gripper, indicated for the 
three axes as qix1/qiy1/qiz1, re-
fers to the position of the 
center of mass of the robotic 
hand and it is fixed in the po-
sition x0 y0 z0. The object 
position instead, represents 
the final position of the phase 
1 (from the gripper to the ob-
ject) but is also the initial po-
sition of the phase 2 (from 
the object to the target posi-
tion to be reached) and it can be indicated as qfx1/qfy1/qfz1= qix2/qiy2/qiz2. The final 
object position, in the end, is indicated as qfx2/qfy2/qfz2 and is the target of the 
task. 
Second consideration is that the initial and final speeds of the task are supposed 
null; this because the robot gripper before and after completing the task is con-
sidered motionless.  
Third consideration is that the times in each phase are considering separate and 
starting from zero. The time interval of the first phase, goes from an initial time 
tix1/tiy1/tiz1=0 to a final time tfx1/tfy1/tfz1≠0 and the time interval of the second phase 
starts again in an instant tix2/tiy2/tiz2=0 and finishes in a final time tfx2/tfy2/tfz2≠0. 
The movement time is then considered as the summation of the time necessary 
to accomplish the operations for the two phases. 
Starting from these considerations, the 𝑎𝑖 coefficients can be again calculated 
substituting the values, imposed above for the initial conditions, in the equation 
(25): 
𝑎0 = 0        
𝑎1 = 0 
(26) 
Figure 53. Gripper positions 
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 𝑎2 =
3𝑞𝑓
𝑇2
 
𝑎3 =
−2𝑞𝑓
𝑇3
 
 
 
Therefore q(t) becomes: 
a) First phase between initial position and object position 
 
 
b) Second phase between object position and final target position 
 
Both the two parts of the trajectory should be analyzed considering the three 
Cartesians axes x, y and z.  
Following the first phase of trajectory covers along the x-axis is reported. 
Because of 𝑡𝑖𝑥1 = 0 for hypothesis it is possible to obtain: 
 
 
In this case, the object position is considered variable and to it are associated 
fifty values randomly generated by the MATLAB program. The generic instant 
of time 𝑡𝑥1 is also randomly generated, but it can assume only one value. 
For which it concerns the time of the movements 𝑡𝑓𝑥1, it is calculated through 
the maximum speed that the robot can reach during the phase. The maximum 
speed is different in the two cases of movement before and after the load of the 
workpiece; this is because, during the lifting of the object, the weight of it incre-
ments the resistance that opposes to the force necessary for the object motion. 
This consequently affects the time of the phase and therefore the speeds and 
accelerations as the paper is going to show afterwards.  
𝑞1(𝑡) =
3𝑞𝑓1
(𝑡𝑓1 − 𝑡𝑖1)
2 (𝑡1 − 𝑡𝑖1)
2 +
−2𝑞𝑓1
(𝑡𝑓1 − 𝑡𝑖1)
3 (𝑡1 − 𝑡𝑖1)
3 (27) 
𝑞2(𝑡) =
3𝑞𝑓2
(𝑡𝑓2 − 𝑡𝑖2)
2 (𝑡2 − 𝑡𝑖2)
2 +
−2𝑞𝑓2
(𝑡𝑓2 − 𝑡𝑖2)
3 (𝑡2 − 𝑡𝑖2)
3 (28) 
𝑞𝑥1(𝑡) =
3𝑞𝑓𝑥1
(𝑡𝑓𝑥1 − 𝑡𝑖𝑥1)
2 (𝑡𝑥1 − 𝑡𝑖𝑥1)
2 +
−2𝑞𝑓𝑥1
(𝑡𝑓𝑥1 − 𝑡𝑖𝑥1)
3 (𝑡𝑥1 − 𝑡𝑖𝑥1)
3 (29) 
𝑞𝑥1(𝑡) =
3𝑞𝑓𝑥1
𝑡𝑓𝑥1
2 𝑡𝑥1
2 +
−2𝑞𝑓𝑥1
𝑡𝑓𝑥1
3 𝑡𝑥1
3 (30) 
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The time of the phase can be calculated knowing that the speed is maximum in 
the middle of the trajectory, at (tf - ti)/2 (Rocco 2003). 
Substituting the coefficient 𝑎𝑖 of the equations (26), is possible to obtain: 
 
The command (30) on MATLAB is the following: 
qfx1=linspace(0.5,3,50) 
vmax=rand(1,1)*0.5+0.01 
tfx1= 3*qfx1(:,1)/(2*vmax1) 
tx1=rand(1,1)*1+0.01 
q1xt=3*qfx1/(tfx1.^2)*(tx1.^2)+(-2*qfx1/(tfx1.^3)*(tx1.^3)) 
plot(q1xt,qfx1,'-o') 
xlabel('Trajectory [m]') 
ylabel('Object position along x 
[m]') 
 
As it possible to see from Figure 54 ob-
tained from MATLAB, the farer the ob-
ject is located in respect to the gripper 
initial position,the longer the trajectory 
that the robot has to accomplish.  
 
 
 
The same result can be observed also for the movements along the axes y and 
z and for the movements along the second part of the trajectory (during the ob-
ject shifting) and for this reason are not reported in the paper.    
Table 10. Change in object position – trajectory 
Alteration of the object position (%) 
 
Alteration of the trajectory length (%)  
10% 10% 
20% 20% 
30% 30% 
40% 40% 
𝑣𝑚𝑎𝑥 = ?̇?𝑥1 (
𝑡𝑓𝑥1 − 𝑡𝑖𝑥1
2
) = 𝑎1 + 2𝑎2 (
𝑡𝑓𝑥1 − 𝑡𝑖𝑥1
2
) + 3𝑎3 (
𝑡𝑓𝑥1 − 𝑡𝑖𝑥1
2
)
2
 (31) 
𝑡𝑓𝑥1 =
3𝑞𝑓𝑥1
2𝑣𝑚𝑎𝑥
 (32) 
Figure 54. Graph Trajectory -    
Object position  
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 Speed: 
The speed of the robot arm can be found from the trajectory that it has to cover 
in order to accomplish the function (Rocco 2003, Siciliano et al. 2008). 
As specified before, the trajectory of the robot is: 
Where: 
𝑞(𝑡)  position at a generic instant t [mm]                                                                
t 𝜖 [𝑡𝑓, 𝑡𝑖] with 𝑡𝑖 initial operations time, 𝑡𝑓 final operations time [s] 
𝑎0, 𝑎1, 𝑎2 and 𝑎3 are coefficient calculated with the following initial conditions: 
𝑞(𝑡𝑖) = 𝑞𝑖    initial robot position [mm]                                                                                                                             
?̇?(𝑡𝑖) = 𝑣𝑖     initial robot speed [m/s]                                                               
𝑞(𝑡𝑓) = 𝑞𝑓   final robot position [mm]                                                                                                                   
?̇?(𝑡𝑓) = 𝑣𝑓    final robot speed [m/s] 
 
Deriving the equation of the trajectory is possible to obtain the speed at a certain 
instant t. In this case the speed during the total path can be divided in six cases, 
considered the movements on the different axes x, y and z and the two parts of 
the trajectory, before and after the loading. In particular, for the two parts of the 
trajectory, the differences in speed are more marked because the maximum 
speed that the robot can reach in it has to be considered. This maximum speed 
suffers a decrease during the load of the robot, due to the weight of the object 
that, as explained before, influences the resistance force against the force nec-
essary to move it. 
The equation of the speed, in this case along the x axis and before the grip of 
the object is the follows: 
 
Where the coefficient 𝑎𝑖 are calculated with the same initial conditions exposed 
above for the trajectory: 
𝑎1 = 0 
𝑎2 =
3𝑞𝑓𝑥1
𝑇2
 
𝑎3 =
−2𝑞𝑓𝑥1
𝑇3
 
𝑞(𝑡) =  𝑎0  + 𝑎1(𝑡 − 𝑡𝑖) + 𝑎2(𝑡 − 𝑡𝑖)
2 + 𝑎3(𝑡 − 𝑡𝑖)
3 (24) 
𝑣1𝑥𝑡 = ?̇?𝑥1(𝑡) = 𝑎1 + 2𝑎2(𝑡𝑥1 − 𝑡𝑖𝑥1) + 3𝑎3(𝑡𝑥1 − 𝑡𝑖𝑥1)
2 (33) 
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With 𝑇 = 𝑡𝑓𝑥1 − 𝑡𝑖𝑥1 
Substituting the coefficient the equation becomes: 
Because of 𝑡𝑖𝑥1 = 0 for the initial condition 
 
 
Where: 
 
 
𝑡𝑓𝑥1 is calculated as showed before for the trajectory. 
The equation (35) represent the speed that the gripper reachs at a certain in-
stant of time 𝑡𝑥1, during the path along x and before loading the workpiece. How-
ever the parameter that is usually used during the dimensioning of a gripper is 
not the instant speed, but the medium speed along all the path. 
Having the spaces covered for the first and the second phase (before and after 
the gripping instant): 
𝑠𝑝𝑎𝑐𝑒1 = (𝑞𝑓𝑥1 − 𝑞𝑖𝑥1) + (𝑞𝑓𝑦1 − 𝑞𝑖𝑦1) + 2 ∙ (𝑞𝑓𝑧1 − 𝑞𝑖𝑧1) 
𝑠𝑝𝑎𝑐𝑒2 = (𝑞𝑓𝑥2 − 𝑞𝑖𝑥2) + (𝑞𝑓𝑦2 − 𝑞𝑖𝑦2) + 2 ∙ (𝑞𝑓𝑧2 − 𝑞𝑖𝑧2) 
(36) 
(37) 
Where: 
𝑞𝑖𝑥1       initial robot position along x before the object loading [mm]                                                              
𝑞𝑓𝑥1      final robot position along x before the object loading [mm]                                                               
𝑞𝑖𝑥2       initial robot position along x after the object loading [mm]                                                                         
𝑞𝑓𝑥2      final robot position along x after the object loading [mm]                                                                                          
And having the time of the movements calculated as summation of the single 
times of each piece of trajectory: 
𝑡𝑚𝑜𝑣𝑒 = (𝑡𝑓𝑥1 − 𝑡𝑖𝑥1) + (𝑡𝑓𝑦1 − 𝑡𝑖𝑦1) + 2 ∙ (𝑡𝑓𝑧1 − 𝑡𝑖𝑧1) + (𝑡𝑓𝑥2 − 𝑡𝑖𝑥2) +
(𝑡𝑓𝑦2 − 𝑡𝑖𝑦2) + 2 ∙ (𝑡𝑓𝑧2 − 𝑞𝑖𝑧2)  
(38) 
𝑣1𝑥𝑡 = 6
𝑞𝑓𝑥1
(𝑡𝑓𝑥1 − 𝑡𝑖𝑥1)2
(𝑡𝑥1 − 𝑡𝑖𝑥1) − 6
𝑞𝑓𝑥1
(𝑡𝑓𝑥1 − 𝑡𝑖𝑥1)3
(𝑡𝑥1 − 𝑡𝑖𝑥1)
2 (34) 
𝑣1𝑥𝑡 = 6 ∙
𝑞𝑓𝑥1
𝑡𝑓𝑥1
2 ∙ 𝑡𝑥1 − 6 ∙
𝑞𝑓𝑥1
𝑡𝑓𝑥1
3 ∙ 𝑡𝑥1
2 (35) 
𝑡𝑓𝑥1 =
3𝑞𝑓𝑥1
2𝑣𝑚𝑎𝑥
 (32) 
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Where: 
𝑡𝑖𝑥1    initial time of the robot activities along x before the object loading [s]                                                              
𝑡𝑓𝑥1      final time of the robot activities along x before the object loading [s]                                                               
𝑡𝑖𝑥2       initial time of the robot activities along x after the object loading [s]                                                                       
𝑡𝑓𝑥2      final time of the robot activities along x after the object loading [s]                                                                 
                                                  
The medium speed of the task 𝑣𝑚 [m/s], can be calculated as: 
𝑣𝑚 =
𝑠𝑝𝑎𝑐𝑒1 + 𝑠𝑝𝑎𝑐𝑒2
𝑡𝑚𝑜𝑣𝑒
 
 
(39) 
 
The MATLAB command (39) is: 
qfx1=rand(1,1)*3+0.5 
qfy1=rand(1,1)*3+0.5 
qfz1=rand(1,1)*3+0.5 
qfx2=linspace(1,4,50) 
qfy2=rand(1,1)*4+1 
qfz2=rand(1,1)*4+1 
qix1=0 
qiy1=0 
qiz1=0 
qix2=qfx1 
qiy2=qfy1 
qiz2=qfz1 
vmax1=rand(1,1)*1+0.8 
vmax2=rand(1,1)*0.8+0.5 
tfx1= 3*qfx1(:,1)/(2*vmax1*1000) 
tfy1= 3*qfy1(:,1)/(2*vmax1*1000) 
tfz1= 3*qfz1(:,1)/(2*vmax1*1000) 
tfx2= 3*qfx2(:,1)/(2*vmax2*1000) 
tfy2= 3*qfy2(:,1)/(2*vmax2*1000) 
tfz2= 3*qfz2(:,1)/(2*vmax2*1000) 
tmove=tfx1+tfy1+(2*tfz2)+tfx2+tfy2+(2*tfz2) 
vm=((qfx1-qix1)+(qfy1-qiy1)+(2*(qfz1-qiz1))+(qfx2-qix2)+(qfy2-
qiy2)+(2*(qfz2-qiz2)))/tmove 
plot(vm,qfx2,'o') 
xlabel('Speed [m/s]') 
ylabel('Object position [m]') 
Figure 55. Graph Speed – Ob-
ject position 
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From the Figure 55, it is possible to see the crescent trend of the speed when 
the object is located farer in respect to the gripper initial position.  
The impact of the change can be calculated comparing the equation of the time 
before and after the change of the size of the object, the results are reported in 
Tab. 11: 
Table 11. Change in object position – medium speed 
Alteration of the object position (%) 
 
Alteration of the medium speed (%)  
10% 9.76% 
20% 19.98% 
30% 29.87% 
40% 38.89% 
 
 Cycle time: 
As showed before for the speed, the time that the gripper needs in order to reach 
a certain position (Rocco 2003), along the x axis and before loading the work-
piece, can be written as:  
 
Where: 
𝑞𝑓𝑥1    is the object position that the robot has to reach [mm] 
𝑣𝑚𝑎𝑥   is the maximum speed that the robot can achieve [m/s] 
In order to explain the relationship be-
tween object position and time of the 
movement required to reach it, follow-
ing is reported the MATLAB command. 
MATLAB (32) command: 
qfx1=linspace(0.5,3,50) 
vmax1=rand(1,1)*0.5+0.01 
tfx1= 3*qfx1(1,:)/(2*vmax1) 
plot(tfx1,qfx1,'-o') 
xlabel('Time of movements [s]') 
ylabel('Object position along x [m]') 
 
𝑡𝑓𝑥1 =
3𝑞𝑓𝑥1
2𝑣𝑚𝑎𝑥
 (32) 
Figure 56. Graph Time of move-
ments – Object position 
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As it is possible to see from the graph in Figure 56, the farer the object is located 
from the gripper initial position, the longer the time needed to reach that position. 
Same calculation can be also made for the six times composing the trajectory.   
The impact of the change can be calculated comparing the equation of the time 
before and after the change of the size of the object, the results are reported in 
Tab. 12: 
Table 12. Change in object position – time of movements 
Alteration of the object position (%) 
 
Alteration of the movement time (%)  
10% 9.88% 
20% 19.78% 
30% 29.65% 
40% 38.99% 
 
 Positioning error: 
During the task, it could happen that the gripper does not displace in the right 
position for the prehension of the object. This fact can occurs because of three 
main reasons: a high speed/acceleration that influences the time and the space 
of braking, the changes in the object position or a bad calibration. In the most of 
the cases, a bad positioning leads to compromise the entire gripping operation.  
In order to face this problem, it is necessary to consider the error that the robot 
can generate during the positioning; the positioning error can be written as fol-
lows (Dini 2012): 
 
Where: 
𝜀𝑥     error on x axis [mm] 
∆𝑥    deviation of the medium value of the distribution in respect to the value to 
be reached: it represents a systematic error [mm] 
3 𝜎𝜀 is the casual error which stands for the grade of repeatability of the robot 
[mm] 
The systematic error can be calculated as: 
∆𝑥 = 𝑞𝑚 − 𝑞𝑓, where 𝑞𝑚 is the medium value of the distribution and 𝑞𝑓 is the 
value that the gripper has to reach. 
𝜀𝑥 = ∆𝑥 ± 3𝜎𝜀     (40) 
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Instead the repeatability of the robot can be: 
 
 
 
Where: 
𝜎𝜀 casual error or repeatability of the robot [mm] 
N is the number of attempts 
𝑞𝑚 is the medium value of the distribution [mm] 
𝑞𝑓 is the value that the gripper has to reach [mm] 
Below the relationship between the object’s change of position and the position-
ing error is reported. 
MATLAB (40) application:  
qfx1=linspace(0.5,3,50) 
Xdm=rand(1,20)*0.4 
Xdm1=rand(1,20)*0.4 
Xdm2=rand(1,20)*0.4 
Xm=mean(Xdm) 
Xm1=mean(Xdm1) 
Xm2=mean(Xdm2) 
DX=Xm-qfx1 
xerr=rand(1,1)*0.4 
x1err=rand(1,1)*0.4 
oxerror=sqrt((DX.^2+((Xm1-(qfx1+xerr)).^2)+((Xm2-(qfx1+x1err)).^2)) 
/2) 
Ex1=DX+oxerror 
Ex2=DX-oxerror 
Ex=min(abs(Ex1),abs(Ex2)) 
plot(Ex,qfx1,'-o') 
xlabel('Positioning error [m]') 
ylabel('Object position along x [m]') 
 
In the case of Figure 57, the workpiece position is a variable vector of 50 values 
generated randomly inside a predefined interval.  
Whereas one value has been attributed to each of the other parameters as Xmi, 
which is the average value of the positions distribution in the i-th attempt and 
xerr, which is the shifting from the previous reached position and indicates the 
𝜎𝜀 = √
∑ (𝑞𝑚 − 𝑞𝑓)2
𝑁
𝑖=1
𝑁 − 1
 
     
(41) 
Figure 57. Graph Positioning error 
- Object position  
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new position occupied by the gripper in the new attempt. For this example three 
attempts have been chosen. Same equation and algorithm can be written for 
the errors reached on y and z axes.   
The impact of the change can be calculated comparing the equation of the time 
before and after the change of the size of the object, the results are reported in 
Tab. 13: 
Table 13. Change in object position – positioning error 
Alteration of the object position (%) 
 
Alteration of the positioning error (%)  
10% 10% 
20% 18.89% 
30% 26.88% 
40% 35.67% 
 
 
 Orientation of the links of the robot: 
  
 
 
 
 
 
 
 
 
 
 
 
The orientation of the arm is the sum of the different link angles that the robot 
has to assume in order to correctly positioning in respect to the object (Figure 
58).  
Following is reported the trajectory of the robot in terms of orientation of the links 
(Dini 2012). 
Figure 58. Orientation of the robot joint links 
(Dini 2012) 
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𝑥0
2 + 𝑦0
2 + 𝑧0
2 = 𝐿1
2 + 𝐿2
2 + 𝐿3
2 − 2𝐿2𝐿3cos (180
° − 𝜃3)         (42) 
Where: 
Ji             i-th joint of robot  
Li             i-th link of robot 
x0, y0,z0   object position [mm] 
𝜃𝑖            angle of the i-th link [°] 
The angles can be calculated as following (Dini 2012, Schutz et al. 2010, Sicili-
ano et al. 2008, Ferrari 2005): 
𝜃1 = 𝑎𝑡𝑎𝑛2(𝑦0, 𝑥0) 
𝜃2 = 𝑎𝑡𝑎𝑛2 (𝑧0 − 𝐿1, √𝑥0
2 + 𝑦0
2) − 𝑎𝑡𝑎𝑛2[𝐿3𝑠𝑒𝑛𝜃3, (𝐿2 + 𝐿3𝑐𝑜𝑠𝜃3)] 
𝜃3 = 𝑎𝑡𝑎𝑛2(𝑠𝑒𝑛𝜃3, 𝑐𝑜𝑠𝜃3) 
 
   (43) 
Where: 
𝑐𝑜𝑠𝜃3 = (𝑥0
2 + 𝑦0
2 + 𝑧0
2 − 𝐿1
2 − 𝐿2
2 − 𝐿3
2 )/2𝐿2𝐿3    and 𝑠𝑒𝑛𝜃3 = ± √1 − 𝑐𝑜𝑠2𝜃3   
 
As it is possible to see, a change in the object position influences the orientation 
of the robot arm and so the angle of its links.  
Following is illustrate on MATLAB the method to understand the trend of the 
alteration of the angle 𝜃1 when the object position changes. 
MATLAB command (43), angle 𝜃1 : 
x0=linspace(0.050,1.5,50) 
y0=linspace(0.005,2,50) 
o1rad=atan(y0) 
o1=o1rad*2*180/pi 
plot(o1,y0,'-o') 
xlabel('link angle [°]') 
ylabel('Object position [m]') 
hold on 
plot(o1,x0,'-o') 
xlabel('link angle [°]') 
ylabel('Object position [m]') 
 
Figure 59. Graph Link angle – 
Object position 
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The graph in Figure 59 displays the trend of the angles of the robot links when 
the object position changes. The blue line represents the trend of the alteration 
that a change of the position on y produces on the angle 𝜃1; the red line instead 
is the trend of the alteration made by a change of the position on x. It is possible 
to see that, the farer the object is from the gripper initial position, the bigger the 
link angle becomes. 
The impact of the change can be calculated comparing the equation of the time 
before and after the change of the size of the object, the results are reported in 
Tab. 14: 
Table 14. Change in object position – link angle 
Alteration of the object 
position (%) 
 
Alteration of the link angle for a 
change in x position (%)  
Alteration of the link angle 
for a change in y position 
(%) 
10% 0.19% 0.1% 
20% 0.36% 0.21% 
30% 0.49% 0.3% 
40% 0.62% 0.37% 
3.3.5    Changes in the number of components to be handled:    
The number of components that can be handled in a gripping task can influence 
the cycle time of the process affecting the operation time and in certain cases 
the set-up time.  
 Operation time: 
The operation time means the time that is required to accomplish all the activi-
ties of the process including the time of movements, the time of the gripper fin-
gers opening/closing or the time for the vacuum suction/evacuation. The bigger 
the number of objects that has to be gripped is, the higher the operation time 
due to a repetition of the same activities or to an introduction of new activities 
and of their related times.     
 Set-up time: 
The set-up time can be influenced only in case the objects that have to be ma-
nipulated are different for shape and size. This involves to spend time for the 
exchange of the gripper tool and leads consequently to the increment of the 
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cycle time of the process. The gripper exchanges have to be reduced at the 
minimum. 
3.3.6    Changes in coefficient of elasticity:    
The coefficient of elasticity depends on the type of different jaws of the gripper 
and on the superficial characteristics of the workpiece (Monkman et al. 2006): 
 
Where: 
𝐸𝑟 Elasticity coefficient [N/mm2] 
Et  Young’s modulus of object [N/mm2] 
Es  Young’s modulus of gripper jaws [N/mm2] 
For parallel and angular gripper the change of this parameter can influence 
the pressure exercised by the gripper on the object surface. 
Following four pressure cases in which this alteration happens are analyzed 
(Monkman 2007, Siciliano et al. 2008). 
 
Case a) Line contact with convex gripper jaw shape 
𝑝 = 0.418√
𝐹𝑘 ∙  𝐸𝑟
𝐿 
 (
2
𝑑
+
1
𝑟
)   (5) 
Case b) Line contact with concave gripper jaw shape 
𝑝 = 0.418√
𝐹𝑘 ∙  𝐸𝑟
𝐿 
 (
2
𝑑
−
1
𝑟
)   (6) 
Case c) Line contact with parallel gripper jaw shape7 
𝑝 = 0.418√
2 ∙  𝐹𝑘 ∙  𝐸𝑟
𝐿 ∙ 𝑑
  (7) 
Case d) Point contact 
𝑝 = 𝑚𝑐 ∙  √
𝐹𝑘 ∙  𝐸𝑟
2
𝑟2
3
 (8) 
𝐸𝑟 =
2 ∙ 𝐸𝑡 ∙ 𝐸𝑠
𝐸𝑡 + 𝐸𝑠
      (44) 
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Where: 
p         pressure on a surface [N/mm2] 
𝐸𝑟        average coefficient of elasticity [N/mm2] 
𝑑           diameter of gripped object [mm] 
𝐹𝑘        contact force [N] 
L          contact line length [mm] 
r            radius of curvature of the gripper jaw [mm] (r = ∞ corresponds to plane 
surfaces) 
mc       coefficient function of the parameter (2 ∙ r) / d    
a ∙  b    Prehension surface area  
 
The initialization of the parameters can been done as follows: 
MATLAB commands: 
Er=linspace(0.03*(10^5),2.10*(10^5)) 
r=rand(1,1)*300+5 
L=rand(1,1)*200+5 
Fk=rand(1,1)*1500+10 
d=rand(1,1)*250+50 
 
Case a) Equation (5) 
f1=Fk*Er/L 
f2=2./d(1,:) 
f3=1/r 
p=0.418*sqrt(f1.*(f2(1,:)+f3)) 
plot(p,Er,'-o') 
xlabel('Pressure [N/mm2]') 
ylabel('Coefficient of elasticity 
[N/mm2]') 
 
 
 
 
Figure 60. Graph Pressure - 
Elasticity coefficient: case a) 
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Case b) Equation (6) 
f1=Fk*Er/L 
f2=2./d(1,:) 
f3=1/r 
p=0.418*sqrt(f1.*(f2(1,:)-f3)) 
plot(p,Er,'-o') 
xlabel('Pressure [N/mm2]') 
ylabel('Coefficient of elastic-
ity [N/mm2]') 
 
 
 
Case c) Equation (7) 
f1=2*Fk*Er 
f2=L*d(1,:) 
p=0.418*sqrt(f1./f2(1,:)) 
plot(p,Er,'-o')  
xlabel('Pressure [N/mm2]') 
ylabel('Coefficient of elastic-
ity[N/mm2]') 
 
 
 
 
Case d) Equation (8) 
mc=2*r./d(1,:) 
p=mc(1,:)*nthroot(Fk*(Er'*Er/ 
(r^2)),3) 
plot(p(1,:),Er,'-o') 
xlabel('Pressure [N/mm2]') 
ylabel('Coefficient of elasticity 
[N/mm2]') 
 
 
 
 
 
Figure 61. Graph Pressure - 
Elasticity coefficient: case b) 
 
Figure 62. Graph Pressure - 
Elasticity coefficient: case c) 
 
Figure 63. Graph Pressure - 
Elasticity coefficient: case d) 
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As it is possible to see in each of the four cases (from Figure 60 to Figure 63), 
the pressure that the gripper exercises on a workpiece augments if the coeffi-
cient of elasticity increases. This increment is not proportional, but happens in a 
gradual way because of the fact that a deformation of the gripper fingers, or of 
the object surfaces, requires a higher pressure in order to assure a correct po-
sitioning of the object in respect to the fingers gripper and a right displacement 
during the releasing phase. 
The impact of the change can be calculated comparing the equation of the time 
before and after the change of the size of the object, the results are reported in 
Tab. 15: 
Table 15. Change in elasticity coefficient – surface pressure 
Alteration of the 
elasticity 
coefficient (%) 
Alteration of the 
pressure (%)  
case a)  
Alteration of the 
pressure (%) 
case b) 
Alteration of the 
pressure (%) 
case c) 
Alteration of the 
pressure (%) 
case d)  
10% 4.8% 4.6% 5.1% 5.3% 
20% 9.5% 9.3% 10% 10.1% 
30% 14% 13.8% 14.2% 14.6% 
40% 18% 17.3% 18.6% 19% 
 
For vacuum grippers the coefficient of elasticity does not influence the pres-
sure on a surface, but plays an important role for the determination of the time 
𝜏 in the equation of the volumetric flow rate (Monkman et al. 2006).  
𝑑𝑄
𝑑𝑡
=
𝑑𝑉2
𝑑𝑡2
= 𝑄0 ∙ 𝑒
−
𝑡
𝜏 (4) 
Where: 
𝑑𝑄
𝑑𝑡
     volumetric low rate [m3/s] 
𝑄0     initial value of the flow rate [m3/s] 
𝜏       time constant [s] 
V      air volume during the gripping/evacuating operation [m3] 
𝜏 is dictated by the elasticity of factors as the suction cup material, the aperture 
size, the air flow dimensions etc. Because of the number of different parameters 
that influences 𝜏, the alteration of the elasticity coefficient gives only a minimal 
contribute to its modification and for this reason the volumetric flow rate is as-
sumed nearly constant and not studied in in this case. 
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3.3.7  Changes in the number, size and position of the obstacles:   
The obstacles are the elements that are extraneous to the task but can be inside 
the workspace of the gripper or casually enter in it. Obstacles are not only ob-
jects but can be also human operators. It is necessary, in order not to damage 
things and people, build a method able to plan a path that is obstacles-free. 
In literature are proposed different methods and techniques able to scan the 
workspace covered by a robot, recognize the stranger corps and build a trajec-
tory around them.  
An increasing of the size and of the number of obstacles usually causes a re-
duction of the effective workspace in which the robot has to work, and so in-
volves modification to the encumbrance (free space for mounting) of the robot, 
that has to reduce in order to easily move around the impediments. 
Beyond this, the presence of an obstacle during the task performing, may in-
volve a change in the robot trajectory in order to avoid it. The longer trajectory 
and the less possibility to move can influence the time of the task, which could 
become lower. 
Unfortunately, it was not possible to find enough information and equations to 
prove the accuracy of the considerations regarding the relationships between 
the obstacles and the trajectory or cycle time. This topic can be a start point for 
the following works.   
3.3.8 Changes in the environmental conditions: 
Other parameters that have to be considered during the analysis of a gripping 
process are the ones referring to the workspace in which the gripper can move; 
such as the humidity and the temperature of the working environment.  
In this case, for example, a variation of the temperature of the environment can 
influence the elasticity of the gripper jaws or of the object material that contract 
themselves if the environment is particularly cold or dilate in case of high tem-
peratures.  
Unfortunately, even in this case, not enough information have been found in 
order to analyze these parameters in a statistical way. 
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3.3.9 Changes in the maximum speed of the robot arm: 
When during the task the speed has to be controlled, an increment or reduction 
of it influences parameters as the cycle time of the entire process and the max-
imum acceleration of the robot. 
 
 Cycle time: 
Cycle time is the interval of period required to accomplish a task and it is com-
posed of three times: time to cover the working path, gripping time and set up 
time. The time of the path, which in this paper is called movement time, includes 
the times to go from a start position to the object location and from there to a 
final target position. The gripping time instead, can be the time that the fingers 
need in order to open and close around the workpiece or the time of suc-
tion/evacuation for vacuum grippers. In the end, the set up time is the time re-
quired to change the gripper tool or to maintain and repair possible damages 
that can happen. 
 
In order to explain the relationship between speed and time and in particular 
with movement time, following the modeling of the speed equation is reported 
(Rocco 2013). 
𝑣 = ?̇?(𝑡) = 𝑎1 + 2𝑎2(𝑡 − 𝑡𝑖) + 3𝑎3(𝑡 − 𝑡𝑖)
2 (45) 
Where the coefficient 𝑎𝑖 are calculated with the same initial conditions exposed 
for the trajectory: 
𝑎1 = 0 
 𝑎2 =
3𝑞𝑓
𝑇2
 
𝑎3 =
−2𝑞𝑓
𝑇3
 
With 𝑇 = 𝑡𝑓 − 𝑡𝑖 and  𝑡𝑓 =
3𝑞𝑓
2𝑣𝑚𝑎𝑥
 which is the time of the entire movements cov-
ered by the gripper and 𝑡𝑖 is the start time, usually zero. 
In order to calculate the movement time 𝑡𝑓, is necessary to determinate the six 
times of the phases in which the trajectory can be split: the three movements 
along x, y and z axes before the object loading and the other three movements 
on the same axes after it. The difference between before and after the loading 
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is considered because, as explained in the paragraphs 3.4.4, the maximum 
speed that the robot can reach changes.  
Before the load:                    &           After the load: 
𝑡𝑓𝑥1 =
3(−𝑞𝑖𝑥1 + 𝑞𝑓𝑥1)
2𝑣𝑚𝑎𝑥1
                            𝑡𝑓𝑥2 =
3(−𝑞𝑖𝑥2 + 𝑞𝑓𝑥2)
2𝑣𝑚𝑎𝑥2
 
 
𝑡𝑓𝑦1 =
3(−𝑞𝑖𝑧1 + 𝑞𝑓𝑧1)
2𝑣𝑚𝑎𝑥1
                            𝑡𝑓𝑦2 =
3(−𝑞𝑖𝑦2 + 𝑞𝑓𝑦2)
2𝑣𝑚𝑎𝑥2
  
         (46) 
𝑡𝑓𝑧1 =
3(−𝑞𝑖𝑧1 + 𝑞𝑓𝑧1)
2𝑣𝑚𝑎𝑥1
                            𝑡𝑓𝑧2 =
3(−𝑞𝑖𝑧2 + 𝑞𝑓𝑧2)
2𝑣𝑚𝑎𝑥2
 
 
Where: 
𝑡𝑓𝑥1, 𝑡𝑓𝑦1 and 𝑡𝑓𝑧1 are the times movement of the robot arm to cover the prede-
fined path along x, y and z axes before the loading of the object [s] 
𝑡𝑓𝑥2, 𝑡𝑓𝑦2 and 𝑡𝑓𝑧2 are the times movement of the robot arm to cover the prede-
fined path along x, y and z axes after the loading of the object [s] 
𝑞𝑖𝑥1,  𝑞𝑖𝑦1, 𝑞𝑖𝑧1 = 0 are the coordinates on x, y, z axes of the initial robot arm po-
sition  
𝑞𝑓𝑥1,  𝑞𝑓𝑦1, 𝑞𝑓𝑧1 are the coordinates on x, y, z axes of the workpiece position [mm] 
𝑞𝑖𝑥2, 𝑞𝑖𝑦2,  𝑞𝑖𝑧2 are the coordinates of the new start after the loading of the object 
and coincide with the coordinates on x, y, z axes of the workpiece position [mm] 
𝑞𝑓𝑥2,  𝑞𝑓𝑦2, 𝑞𝑓𝑧2 are the coordinates on x, y, z axes of the final target position [mm] 
𝑣𝑚𝑎𝑥1 and 𝑣𝑚𝑎𝑥2 are the maximum speeds that a robot can reach before and 
after the loading [m/s]  
Therefore the movement time is: 
𝑡𝑚𝑜𝑣𝑒 = 𝑡𝑓𝑥1 + 𝑡𝑓𝑦1 + 2𝑡𝑓𝑧1 + 𝑡𝑓𝑥2 + 𝑡𝑓𝑦2 + 2𝑡𝑓𝑧2 (38) 
In this case is considered 2𝑡𝑓𝑧𝑖 because has been involved also the time of the 
up and down movement on z that the gripper has to achieve in order to catch 
the object. 
Below is reported the MATLAB program useful to understand the relationship 
between the speed, in this case after the loading and the movement time; the 
value of positions and speed are generated randomly and all of them are kept 
constant except the maximum speed after the loading that is made as a variable 
in order to analyze the consequent modifications. 
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MATLAB command (38): 
qfx1=rand(1,1)*3+0.5 
qfy1=rand(1,1)*3+0.5 
qfz1=rand(1,1)*3+0.5 
qix1=0 
qiy1=0 
qiz1=0 
vmax1=rand(1,1)*2+0.5 
qfx2=rand(1,1)*4+2 
qfy2=rand(1,1)*4+2 
qfz2=rand(1,1)*4+2 
qix2=qfx1 
qiy2=qfy1 
qiz2=qfz1 
vmax2=linspace(0.05,1,50) 
tfx1=3*(-qix1+qfx1)/(2*vmax1) 
tfy1=3*(-qiy1+qfy1)/(2*vmax1) 
tfz1=3*(-qiz1+qfz1)/(2*vmax1) 
tfx2=(3*(-qix2+qfx2))./(2*vmax2(1,:)) 
tfy2=(3*(-qiy2+qfy2))./(2*vmax2(1,:)) 
tfz2=(3*(-qiz2+qfz2))./(2*vmax2(1,:)) 
tf=tfx1+tfy1+(2*tfz1)+tfx2+tfy2+(2*tfz2) 
plot(tf,vmax2,'-o') 
xlabel('Time movement [s]') 
ylabel('Maximum speed [m/s]') 
 
The graph in Figure 64 shows the exponential increment of the movement time 
during the deceleration of the robot arm. For less values of the maximum speed, 
a small change in speed leads to a big modification of the time connected. 
The impact of the change can be calculated comparing the equation of the time 
before and after the change of the size of the object, the results are reported in 
Tab. 16: 
Table 16. Change in movement time – maximum speed 
Alteration of the movement time (%) Alteration of the maximum speed (%)  
10% 0.23% 
20% 0.78% 
30% 1.2% 
40% 1.8% 
Figure 64. Graph Time move-
ment - Maximum speed 
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 Maximum acceleration: 
The maximum acceleration that the robot can reach during the trajectory and 
which is used to establish the gripping force that the gripper has to exercise in 
order not to lose the object during the movements can be written as: 
Where: 
𝑎𝑙 linear maximum acceleration [m/s2] 
𝑣𝑚𝑎𝑥 is the maximum speed that can be reached during the loading of the work-
piece by the robot 
𝑡𝑙𝑖𝑓𝑡 is the time that the robot needs to cover the second part of the entire path: 
from the grip of the object to the release; 𝑡𝑙𝑖𝑓𝑡 = 𝑡𝑓𝑧1 + 𝑡𝑓𝑥2 + 𝑡𝑓𝑦2 + 𝑡𝑓𝑧2 
MATLAB command (47): 
vmax=linspace(0.5,2,50) 
t_lift=rand(1,1)*20+1 
al=vmax/t_lift 
plot(al,vmax,'o') 
xlabel('Acceleration [m/s2]') 
ylabel('Speed [m/s]') 
 
 
 
 
 
As it possible to see from Figure 65, the increasing of the maximum speed that 
the robot can reach during the loading of the workpiece leads to the increasing 
of the maximum acceleration of robot arm. 
Same considerations can be done for the change of the medium speed of the 
entire process, which influences in the same way the medium acceleration of it.  
 
The impact of the change can be calculated comparing the equation of the time 
before and after the change of the size of the object, the results are reported in 
Tab. 17: 
 
                                𝑎𝑙 =
𝑣𝑚𝑎𝑥
𝑡𝑙𝑖𝑓𝑡
 (47) 
Figure 65. Graph Maximum ac-
celeration - Maximum speed 
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Table 17. Change in maximum speed – maximum acceleration 
Alteration of the max speed (%) Alteration of the max acceleration (%)  
10% 10% 
20% 20% 
30% 30% 
40% 40% 
3.3.10 Changes in the maximum acceleration of the robot arm: 
The maximum acceleration that the robot arm can reach during a task repre-
sents the input for two parameters: the gripping force and the contact force. A 
change in its value brings to a consequent modification of both the forces. Fol-
lowing each factor is analyzed. 
 
 Gripping force: 
Resuming the equations explained for the changes of the object weight, the 
force can be influenced by the robot hand acceleration.  
For parallel and angular gripper the force depending on robot arm accelera-
tion can be distinguished in five cases (Monkman et al. 2006, Cutkosky 1985): 
 
 
Case a) Gripping force in case of plane jaw gripper  
 
Where 
FG    gripping force [N] 
g      acceleration due to the gravity [m/s2] 
𝑎𝑙     linear maximum acceleration [m/s2] 
µ      friction coefficient between the gripper and the workpiece; µ =0.04 to 1 
m     workpiece mass [kg] 
n      number of fingers and jaws 
k      safety factor, k = 2 to 4 
MATLAB command (11): 
g=9.81 
u=rand(1,1)*1+0.04 
n=2 
𝐹𝐺 =
𝑚 ∙ (𝑔 + 𝑎𝑙)
𝜇 ∙ 𝑛
∙ 𝑘 (11) 
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k=rand(1,1)*4+2 
m=rand(1,1)*10+0.05 
al=linspace(6,40,50) 
Fg=m*(g+al)*k/(u*n 
plot(Fg,al,'-o') 
xlabel('Gripping Force [N]') 
ylabel('Acceleration [m/s2]') 
 
 
 
Case b) Prism angle jaw gripper with shape-force mating: 
𝐹𝐺 = 𝑚(𝑔 + 𝑎𝑙) ∙ 𝑘 (12) 
Where:    
FG    gripping force [N] 
g      acceleration due to the gravity [m/s2] 
m     workpiece mass [kg] 
k      safety factor, k = 2 to 4 
𝑎𝑙    linear maximum acceleration [m/s2] 
 
Processing the formulas above as showed for the object weight, it is possible to 
obtain the following algorithm. 
MATLAB command (12): 
g=9.81 
u=rand(1,1)*1+0.04 
n=2 
k=rand(1,1)*4+2 
m=rand(1,1)*10+0.05 
al=linspace(6,40,50) 
Fg=m*(g+al)*k 
plot(Fg,al,'-o') 
xlabel('Gripping Force [N]') 
ylabel('Acceleration [m/s2]') 
 
Figure 66. Graph Gripping force- 
Acceleration: case a) 
Figure 67. Graph Gripping force- 
Acceleration: case b) 
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Case c) Prism angle jaw gripper with shape and friction mating with both of the 
jaws moving 
𝐹𝐺 =
𝑚(𝑔 + 𝑎𝑙)
2
tan 𝛼 ∙ 𝑘 (13) 
 
Where: 
FG    gripping force [N] 
g      acceleration due to the gravity [m/𝑠2] 
m     workpiece mass [kg] 
𝑎𝑙     linear maximum acceleration [m/s2] 
k      safety factor, k = 2 to 4 
α      prism angle jaw gripper 
 
MATLAB command (13): 
ag=rand(1,1)*85+10 
alpha= (ag/2)*(pi/180) 
Fg=(m*(g+al))/2*k*(tan(alpha)) 
plot(Fg,al,'-o') 
xlabel('Gripping Force [N]') 
ylabel('Acceleration [m/s2]') 
 
 
 
 
 
Case d) Prism angle jaw gripper with shape and friction mating with one fix jaw 
𝐹𝐺 = 𝑚(𝑔 + 𝑎𝑙) tan 𝛼 ∙ 𝑘 (14) 
Where: 
FG    gripping force [N] 
g      acceleration due to the gravity [m/𝑠2] 
m     workpiece mass [kg] 
𝑎𝑙     linear maximum acceleration [m/s2] 
k      safety factor, k = 2 to 4 
α      prism angle jaw gripper 
 
Figure 68. Graph Gripping force- 
Acceleration: case c) 
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MATLAB command (14): 
Fg=(m*(g+al))*k*(tan(alpha)) 
plot(Fg,al,'-o') 
xlabel('Gripping Force [N]') 
ylabel('Acceleration [m/s2]') 
 
 
 
 
 
Case e) Prism jaw angle gripper with pure friction mating 
𝐹𝐺 =
𝑚(𝑔 + 𝑎𝑙)
2 ∙ 𝜇
sin 𝛼 ∙ 𝑘 (15) 
Where: 
FG    gripping force [N] 
g      acceleration due to the gravity [m/𝑠2] 
µ      friction coefficient between the gripper and the workpiece; µ =0.04 to 1 
m     workpiece mass [kg] 
𝑎𝑙     linear maximum acceleration [m/s2],  
k      safety factor, k = 2 to 4 
α      prism angle jaw gripper 
 
MATLAB command (15): 
Fg=(m*(g+al))/(2*u)*k*(sin(al-
pha)) 
plot(Fg,al,'-o') 
xlabel('Gripping Force [N]') 
ylabel('Acceleration [m/s2]') 
 
From the graphs obtained for all the 
four cases (from Figure 66 to Figure 
70) is possible to see that if the maxi-
mum acceleration of the robot arm 
grows, the gripper has to exercise a 
Figure 69. Graph Gripping force- 
Acceleration: case d) 
Figure 70. Graph Gripping force- 
Acceleration: case e) 
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bigger force in order to assure the success of the operation. This is because the 
gripped workpiece is subjected to a bigger acceleration force during the move-
ment and this augments when the acceleration increases. In order not to lose 
the object is required a gripping force that is higher than the relative acceleration 
force. 
The impact of the change can be calculated comparing the equation of the time 
before and after the change of the size of the object, the results are reported in 
Tab. 18: 
Table 18. Change in max acceleration - gripping force 
Alteration of 
the max 
acceleration 
(%) 
Alteration 
of gripping 
force (%) 
Case a) 
Alteration of 
gripping 
force (%) 
Case b) 
Alteration of 
gripping 
force (%) 
Case c) 
Alteration of 
gripping 
force (%) 
Case d) 
Alteration of 
gripping force 
(%) 
Case e) 
10% 9.9% 10% 10% 10% 9.76% 
20% 21.89% 20% 20% 20% 21.88% 
30% 29.66% 30% 30% 30% 29.59% 
40% 39.78% 40% 40% 40% 39.58% 
 
In case of vacuum grippers, there are two types of gripping force, as showed 
in the previous study (Chapter 3.4.3): gripping force in case of horizontal move-
ment direction and gripping force in case of vertical movement direction (cata-
log.schmalz.com). 
 
Case a) Gripping force in case of horizontal direction 
𝐹𝐺 = 𝑚 ∙ (𝑔 +
𝑎𝑙
𝜇
) ∙ 𝑘 (16) 
Where: 
FG    gripping force [N] 
g      acceleration due to the gravity [m/s2] 
µ      friction coefficient between the gripper and the workpiece; µ =0.04 to 1 
m     workpiece mass [kg] 
al     linear maximum acceleration [m/s2] 
k      safety factor, k = 2 to 4 
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MATLAB command (16): 
g=9.81 
u=rand(1,1)*1+0.04 
n=2 
k=rand(1,1)*4+2 
m=rand(1,1)*10+0.05 
al=linspace(6,40,50) 
Fg=m*(g+(al/u)).*k 
plot(Fg,al,'-o') 
xlabel('Gripping Force [N]') 
ylabel('Acceleration [m/s2]') 
 
 
Case b) Gripping force in case of vertical direction 
𝐹𝐺 =
𝑚
𝜇
∙ (𝑔 + 𝑎𝑙) ∙ 𝑘 (17) 
Where: 
FG    gripping force [N] 
g      acceleration due to the gravity [m/𝑠2] 
µ      friction coefficient between the gripper and the workpiece; µ =0.04 to 1 
m     workpiece mass [kg] 
al     linear maximum acceleration 
[m/s2] 
k      safety factor, k = 2 to 4 
 
MATLAB command (17): 
Fg=m/u.*(g+al).*k 
plot(Fg,al,'-o') 
xlabel('Gripping Force [N]') 
ylabel('Acceleration [m/s2]') 
 
 
Even in this cases (Figure 71, Figure 72), the gripping force growths when the 
maximum acceleration of the robot arm increases. As already said for the 
changes in object weight, in both the cases of parallel/angular grippers and vac-
uum grippers, it is important not to forget the breaking load and the breaking 
stress coefficients of the object to be gripped.  
Figure 71. Graph Gripping force- 
Acceleration: vacuum case a) 
Figure 72. Graph Gripping force- 
Acceleration: vacuum case b) 
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The impact of the change can be calculated comparing the equation of the time 
before and after the change of the size of the object, the results are reported in 
Tab. 19: 
Table 19. Change in object mass – gripping force (vacuum) 
Alteration of the 
max acceleration 
(%) 
Alteration of gripping force (%) 
Case a) 
Alteration of gripping force (%) 
Case b) 
10% 9.9% 9.9% 
20% 21.89% 21.89% 
30% 29.66% 29.66% 
40% 39.78% 39.78% 
 
 Contact force: 
Contact force is the force that the gripper exercises on the object surface during 
the gripping operation. As showed for the changes in object weight (Chapter 
3.4.3), the contact force for a parallel and angular gripper can be divided in 
four different cases. 
Case a) Contact forces in case of shape force-mating 
 
 
Where: 
Fki  contact force point 1 [N] 
α1   angle between point 1 and the gripping force [degree] 
α2     angle between point 2 and the gripping force [degree] 
g     acceleration due to the gravity [m/s2] 
𝑎𝑙   acceleration of the robot arm [m/s2]  
m     workpiece mass [kg] 
 
MATLAB command (18): 
g=9.81 
al=linspace(6,40,50) 
ag1=rand(1,1)*45+0.5 
ag2=rand(1,1)*45+0.5 
alpha1=(ag1/2)*(pi/180) 
alpha2=(ag2/2)*(pi/180) 
𝐹𝑘1 =
𝑚(𝑔 + 𝑎𝑙) sin 𝛼2
sin (𝛼1 + 𝛼2)
;    𝐹𝑘2 =
𝑚(𝑔 + 𝑎𝑙) sin 𝛼1
sin (𝛼1 + 𝛼2)
 (18) 
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m=rand(1,1)*10+0.5 
Fk1=m*(g+al)*(sin(al-
pha2))/(sin(alpha1+alpha2)) 
Fk2=m*(g+al)*sin(alpha1)/sin(al-
pha1+ alpha2) 
plot(Fk1,al,'-o') 
hold on  
plot(Fk2,al,'-o') 
xlabel('Contact force [N]') 
ylabel('Acceleration [m/s2]') 
The blue line represents the contact 
force Fk1, instead the red line represents 
the contact force Fk2. 
Case b) Contact force in case of shape and friction mating with both fingers 
moving 
 
Where: 
Fki  contact force point i [N] 
α1   angle between point 1 and the gripping force [degree] 
α2     angle between point 2 and the gripping force [degree] 
g     acceleration due to the gravity [m/s2] 
𝑎𝑙   linear maximum acceleration [m/s2] 
m    workpiece mass [kg] 
 
MATLAB program (19): 
Fk1=m*(g+al)/(2*cos(alpha1)) 
Fk2=m*(g+al)*(tan(al-
pha2))/(2*cos(alpha2)) 
plot(Fk1,al,'-o') 
hold on  
plot(Fk2,al,'-o') 
xlabel('Contact force [N]') 
ylabel('Acceleration [m/s2]') 
𝐹𝑘1 =
𝑚(𝑔 + 𝑎𝑙)
2 ∙ cos 𝛼1
;     𝐹𝑘2 =
𝑚(𝑔 + 𝑎𝑙) tan 𝛼2
2 ∙ cos 𝛼2
    (19) 
Figure 73. Graph Contact force - 
Acceleration: case a) 
Figure 74. Graph Contact force - 
Acceleration: case b) 
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The blue line represents the contact force Fk1, instead the red line represents 
the contact force Fk2. 
 
Case c) Contact force in case of shape and friction mating with one finger fixed 
 
Where: 
Fki  contact force point i [N] 
α2     angle between point 2 and the gripping force [degree] 
g     acceleration due to the gravity [m/s2] 
𝑎𝑙   linear maximum acceleration [m/s2] 
m     workpiece mass [kg] 
 
MATLAB application (20): 
Fk1=m*(g+al)*tan(alpha2) 
Fk2=m*(g+al)/(2*cos(alpha2)) 
plot(Fk1,al,'-o') 
hold on  
plot(Fk2,al,'-o') 
xlabel('Contact force [N]') 
ylabel('Acceleration [m/s2]') 
 
The blue line represents the contact 
force Fk1, instead the red line repre-
sents the contact force Fk2. 
 
Case d) Contact force in case of pure friction mating 
 
Where: 
Fk  contact force [N] 
g     acceleration due to the gravity [m/s2] 
𝑎𝑙     linear maximum acceleration [m/s2] 
m     workpiece mass [kg] 
µ      friction coefficient, µ=0.04 to 1.0 
 
𝐹𝑘1 = 𝐹𝐺 = 𝑚(𝑔 + 𝑎𝑙) tan (𝛼2);    𝐹𝑘2 =
𝑚(𝑔 + 𝑎𝑙)
2 ∙ cos 𝛼2
 
 
 (20) 
𝐹𝑘 =
𝑚(𝑔 + 𝑎𝑙)
4 ∙ μ
 
 
(21) 
Figure 75. Graph Contact force - 
Acceleration: case c) 
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MATLAB command (21): 
u=rand(1,1)*1+0.04 
Fk=m*(g+al)/(4*u) 
plot(Fk,al,'-o') 
xlabel('Contact force [N]') 
ylabel('Acceleration [m/s2]') 
 
 
 
 
The analysis shows that the contact 
forces, when the acceleration of the robot 
arm grows, increase consequently (from 
Figure 73 to Figure 76). The increment is similar to the one presented for the 
gripping force: is proportional to the modifications of acceleration. 
 
The impact of the change can be calculated comparing the equation of the time 
before and after the change of the size of the object, the results are reported in 
Tab. 20: 
Table 20. Change in max acceleration – contact force  
Alteration of the 
max acceleration 
(%) 
Alteration of contact force (%) 
Case a) 
Alteration of contact force (%) 
Case b) 
10% 12.45% 9.9% 
20% 25.78% 21.89% 
30% 36.36% 29.66% 
40% 43.2% 39.78% 
 
For vacuum grippers the contact force is expressed as following (Monkman et 
al. 2006): 
 
Where: 
𝜎0    atmospheric pressure [bar], depends on the geografical height 
𝜎𝑢    applied vacuum pressure [bar] within suction volume 
A     prehension surface area [m2]         
𝐹 = (𝜎0 − 𝜎𝑢) 𝐴 (22) 
Figure 76. Graph Contact force - 
Acceleration: case d) 
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The equation does not depend on the acceleration, but on the surface pressure 
and on the gripping area. This type of relations are going to be explained after-
wards. 
3.3.11 Changes in cycle time: 
One of the periods that composes the task cycle time is the movement time, 
required to perform the shifting of the robot hand on a certain path. The changes 
in cycle time, for this reason, create a modification in this time that consequently 
influence the speed that the robot has to maintain during the task. In the analysis 
before (Chapter 3.4.9), has been demonstrated that an increment of the speed 
in the first phase of the robot path, where the movement is starting and before 
the loading of the object, produces a decrease of the movement time. That is 
also true for the second part of the speed, being the equations equal and chang-
ing only the value of the maximum speed that is lower due to the weight of the 
workpiece that the robot arm have to sustain.  
3.3.12 Changes in pressure on a surface: 
The pressure on a surface is the force exercised by the gripper for a unit area 
(mm2) of a workpiece surface. This factor depends on different parameters such 
as the workpiece size, the contact force, the length of the line generated during 
the contact among the gripper and the object, the elasticity (of both the work-
piece and the gripper jaws) and the radius of curvature of the jaws. The way in 
which the object size and the elasticity of materials influence the pressure on a 
surface has already been displayed in the paragraphs before (Chapters 3.4.1 
and 3.4.6). Following is analyzed the impact that a modification of the pressure 
has on the contact force. Considerations about the contact line and the radius 
of the gripper jaws are going to be displayed afterwards because a change in 
the pressure, even if the opposite situation is true, does not mean that the grip-
per has different jaws or that the type of contact is different. 
 Contact force: 
It is possible to distinguish five cases of pressure (Monkman et al. 2006, Sicili-
ano et al. 2008). Before analyzing them, is reported the initialization of the pa-
rameters that for each case influence the pressure on a surface. 
The initialization on MATLAB is developed as follows: 
Er=rand(1,1)*210000+3000  
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r=rand(1,1)*300+5 
L=rand(1,1)*200+5 
Fk=linspace(10,1500,50) 
a=rand(1,1)*250+5 
d=rand(1,1)*250+10 
 
Where: 
p         pressure on a surface [N/mm2] 
𝐸𝑟        average coefficient of elasticity [N/mm2] 
𝑑           diameter of gripped object [mm] 
𝐹𝑘        contact force [N] 
L          contact line length [mm] 
r             radius of curvature of the gripper jaw [mm] (r = ∞ corresponds to plane 
surfaces) 
mc        coefficient function of the parameter (2 ∙ r) / d    
A= a ∙  b    Prehension surface area  
Case a) Contact line with convex gripper jaw shape  
𝑝 = 0.418√
𝐹𝑘 ∙  𝐸𝑟
𝐿 
 (
2
𝑑
+
1
𝑟
)   (5) 
The command (5) on MATLAB is: 
f1=Fk*Er/L 
f2=2./d(1,:) 
f3=1/r 
p=0.418*sqrt(f1.*(f2(1,:)+f3)) 
plot(p,Fk,'-o') 
xlabel('Pressure [N/mm2]') 
ylabel('Contact force [N]') 
 
 
Case b) Contact line with concave gripper jaw shape  
𝑝 = 0.418√
𝐹𝑘 ∙  𝐸𝑟
𝐿 
 (
2
𝑑
−
1
𝑟
)   (6) 
MATLAB command (6): 
f1=Fk*Er/L 
Figure 77. Graph Pressure –
Contact force: Case a) 
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f2=2./d(1,:) 
f3=1/r 
p=0.418*sqrt(f1.*(f2(1,:)-f3)) 
plot(p,Fk,'-o') 
xlabel('Pressure [N/mm2]') 
ylabel('Contact force [N]') 
 
 
 
 
 
Case c) Contact line with parallel gripper jaw shape  
𝑝 = 0.418√
2 ∙  𝐹𝑘 ∙  𝐸𝑟
𝐿 ∙ 𝑑
  (7) 
 
 
MATLAB command (7): 
f1=2*Fk*Er 
f2=L*d(1,:) 
p=0.418*sqrt(f1./f2(1,:)) 
plot(p,Fk,'-o')  
xlabel('Pressure [N/mm2]') 
ylabel('Contact force[N]')  
 
Case d) Contact point  
𝑝 = 𝑚𝑐 ∙  √
𝐹𝑘 ∙  𝐸𝑟
2
𝑟2
3
 (8) 
MATLAB command (8): 
mc=2*r./d(1,:) 
p=mc(1,:)*nthroot(Fk*(Er^2)/ 
(r^2),3) 
plot(p,Fk,'-o')  
xlabel('Pressure [N/mm2]') 
ylabel('Contact force[N]')  
Figure 78. Graph Pressure –
Contact force: Case b) 
Figure 79. Graph Pressure –
Contact force: Case c) 
Figure 80. Graph Pressure –
Contact force: Case d) 
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Case e) Contact surface  
𝑝 =  
𝐹𝑘
𝐴
 (9) 
MATLAB command (9): 
a=rand(1,1)*250+5 
b=linspace(5,250,50) 
ab=a.*b(1,:) 
p=Fk./ab(1,:) 
plot(p,Fk,'-o')  
xlabel('Pressure [N/mm2]') 
ylabel('Contact force[N]') 
 
 
The commands on MATLAB return for each of the five cases, a crescent expo-
nential graphic (from Figure 77 to Figure 81). This means that when the contact 
force exercised by the gripper becomes bigger, the surface pressure increases 
consequently.  
The impact of the change can be calculated comparing the equation of the time 
before and after the change of the size of the object, the results are reported in 
Tab. 21: 
Table 21. Change in contact force – surface pressure 
Alteration of the 
contact force (%) 
Alteration of the 
pressure (%)  
case a)  
Alteration of the 
pressure (%) 
case b) 
Alteration of the 
pressure (%) 
case c) 
Alteration of the 
pressure (%) 
case d)  
10% 4.8% 4.6% 5.1% 5.3% 
20% 9.5% 9.3% 10% 10.1% 
30% 14% 13.8% 14.2% 14.6% 
40% 18% 17.3% 18.6% 19% 
 
For vacuum grippers the contact pressure (Monkman et al. 2007) can be writ-
ten as: 
    𝜎 =
𝐹𝐺 − 𝑚 ∙ (𝑔 + 𝑎𝑙)
𝐴
 (10) 
Where:  
σ   vacuum surface pressure [N/mm2]  
g   acceleration due to gravity [mm/s2] 
Figure 81. Graph Pressure –
Contact force: Case e) 
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al   linear maximum acceleration [m/s2] 
FG   gripping force [N] 
A   prehension surface area [mm2] 
MATLAB command: 
F=linspace(10,1500,50) 
A=rand(1,1)*1.5+0.1 
g=9.81 
m=rand(1,1)*10+0.05 
al=rand(1,1)*40+6 
o=F-(m*(g+al))/A 
plot(o,F,'-o') 
xlabel('Pressure [N/mm2]')  
ylabel('Contact Force [N]') 
When the contact pressure exercised by the gripper increases, also the pres-
sure on a surface suffer an augment of value (Figure 82). In this case, the dif-
ference with the parallel/angular grippers is that the increment is linear and not 
exponential. 
The impact of the change can be calculated comparing the equation of the time 
before and after the change of the size of the object, the results are reported in 
Tab. 22: 
Table 22. Change in contact force – surface pressure 
Alteration of the elasticity coefficient (%) Alteration of the pressure (%)  
10% 10% 
20% 20% 
30% 30% 
40% 40% 
 
3.3.13 Changes in gripping force: 
The gripping force is the force necessary for the gripper in order to lift the work-
piece. It can be accomplished thanks to the gripper fingers that close around the 
object or through the creation of the vacuum. Changing the force of gripping 
influences for example the weight of the object that can be lifted or the value of 
the acceleration that the robot can achieve. These parameters have already 
been discussed in the previous analyses (Chapters 3.4.3 and 3.4.10).  
Figure 82. Graph Pressure –
Contact force: vacuum gripper 
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Beyond this, other important parameter for parallel and angular grippers that 
is influenced by the change in gripping force is the slippage coefficient (Zaki et 
al. 2010), a parameter that indicates the resulting force that causes a sliding 
down of the object from the fingers of the gripper. 
 
Where  
S      slippage coefficient [N] 
m     object mass [kg] 
µ      coefficient of friction 
g      acceleration due to the earth gravity [m/s2] 
FG     gripping force [N] 
MATLAB command (23): 
m=rand(1,1)*10+0.05 
g=9.81 
u=rand(1,1)*1+0.04 
Fg=linspace(20,120,50) 
S=m*g-(2*u*Fg) 
plot(S,Fg,'-o') 
xlabel('Slippage coefficient 
[m/s]') 
ylabel('Gripping force [N]') 
 
As it is possible to see from Figure 83 the increment of the gripping force annuls 
the effect of the slippage coefficient and allows a good and stable grip of the 
object. 
The impact of the change can be calculated comparing the equation of the time 
before and after the change of the size of the object, the results are reported in 
Tab. 23: 
Table 23. Change in gripping force – slippage coefficient 
Alteration of the gripping force (%) Alteration of the slippage 
coefficient (%)  
10% - 3.23% 
20% - 6.47% 
30% - 9.72% 
40% - 12.9% 
𝑆 =  𝑚 ∙  𝑔 –  2 μ 𝐹𝐺    (23) 
Figure 83. Slippage coefficient –
Gripping force 
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For vacuum grippers the stability of the grip is dictated by the volumetric air 
flow, factor that is going to be analyzed afterwards.  
The gripping force also depends from the friction coefficient and the gripper jaw 
angle: a change in gripping force is not directly connected to their modification, 
but the contrary situation is true. For this reason, these parameters are studied 
in the chapters afterwards. 
3.3.14 Changes in coefficient of friction: 
The coefficient of friction is a factor that shows the relationship between the 
forces acting among the gripper and the workpiece and denotes the more or 
less possibility of a workpiece to move during the gripping process. There are 
two types of friction coefficient, the static friction coefficient, for which the work-
piece is stable and motionless inside the gripper fingers and a kinetic coefficient, 
which in this case must not be reached, otherwise the workpiece could be lost. 
As mentioned above, a modification of the friction coefficient among the sur-
faces can lead to an alteration of the forces that the gripper has to exercise 
during the task. 
 Gripping force: 
There are two different cases of gripping force influenced by the coefficient for 
parallel and angular gripper (Monkman et al. 2007, Cutkosky 1989). 
Case a) Gripping force in case of plane jaw gripper  
𝐹𝐺 =
𝑚 ∙ (𝑔 + 𝑎𝑙)
𝜇 ∙ 𝑛
∙ 𝑘     (11) 
Where: 
FG    gripping force [N] 
g      acceleration due to the gravity [m/s2] 
al     linear maximum acceleration [m/s2] 
µ      friction coefficient between the gripper and the workpiece; µ =0.04 to 1 
m     workpiece mass [kg] 
n      number of fingers and jaws 
k      safety factor, k = 2 to 4 
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MATLAB approach (11): 
g=9.81 
u=linspace(0.04,1,50) 
n=2 
al=rand(1,1)*40+6 
k=rand(1,1)*4+2 
m=rand(1,1)*10+0.05 
Fg=((m*g*al)./(u(1,:)*n))*k 
plot(Fg,u,'-o') 
xlabel('Gripping Force [N]') 
ylabel('Friction coefficient') 
 
Case b) Gripping force in case of prism angle jaw gripper with pure friction mat-
ing 
𝐹𝐺 =
𝑚(𝑔 + 𝑎𝑙)
2 ∙ 𝜇
sin 𝛼 ∙ 𝑘 (15) 
Where:  
FG    gripping force [N] 
g      acceleration due to the gravity [m/𝑠2] 
µ      friction coefficient between the gripper and the workpiece; µ =0.04 to 1 
m     workpiece mass [kg] 
𝑎𝑙     linear maximum acceleration [m/s2] 
k      safety factor, k = 2 to 4 
α      prism angle jaw gripper 
 
MATLAB program (15): 
al=rand(1,1)*40+6 
ag=rand(1,1)*45+20 
alpha= (ag/2)*(pi/180) 
Fg=((m*(g+al-
pha)))./(2.*u(1,:))*k* 
(sin(alpha)) 
plot(Fg,u,'-o') 
xlabel('Gripping Force [N]') 
ylabel('Friction coefficient') 
 
Figure 84. Graph Gripping force 
– Friction coefficient: Case a) 
 
Figure 85. Graph Gripping force 
– Friction coefficient: Case a) 
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As it is possible to see from the graphical representations obtained with the use 
of MATLAB, in each case (Figure 84, Figure 85), an increase of the friction co-
efficient leads to a reduction of the gripping force that has to be maintained in 
order to assure a stable prehension. This is because a high level of the friction 
coefficient (the static one) allows the workpiece to be stable and motionless and 
for this reason, in that case, a less force is required. On the contrary, surfaces 
with low level of friction, let the workpiece slow down and, in order to compen-
sate the lack of this restrain force, the gripping force has to be more powerful.  
The impact of the change can be calculated comparing the equation of the time 
before and after the change of the size of the object, the results are reported in 
Tab. 24: 
Table 24. Change in friction coefficient – gripping force 
Alteration of the friction 
coefficient (%) 
Alteration of the gripping 
force a)  
Alteration of the gripping 
force b) 
10% - 9.1% - 8.78% 
20% - 16.67% - 15.45% 
30% - 23% - 22.94% 
40% - 28.57% -27.22% 
 
For which it concerns the vacuum grippers instead, there are two cases (cata-
log.schmalz.com): 
Case a) Gripping force in case of horizontal direction 
𝐹𝐺 = 𝑚 ∙ (𝑔 +
𝑎𝑙
𝜇
) ∙ 𝑘 (16) 
Where: 
µ      friction coefficient between the gripper and the workpiece; µ =0.04 to 1 
g      acceleration due to the gravity [m/𝑠2] 
FG    gripping force [N] 
m     workpiece mass [kg] 
𝑎𝑙     linear maximum acceleration [m/s2] 
k      safety factor, k = 2 to 4 
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MATLAB command (16): 
g=9.81 
u=linspace(0.4,1,50) 
n=2 
k=rand(1,1)*4+2 
m=rand(1,1)*10+0.05 
al=rand(1,1)*40+6 
Fg=m*(g+(al./u(1,:)))*k 
plot(Fg,u,'-o') 
xlabel('Gripping Force [N]') 
ylabel('Friction coefficient') 
 
 
Case b) Gripping force in case of vertical direction 
𝐹𝐺 =
𝑚
𝜇
∙ (𝑔 + 𝑎𝑙) ∙ 𝑘 (17) 
Where: 
FG    gripping force [N]  
g      acceleration due to the gravity [m/𝑠2] 
µ     friction coefficient between the gripper and the workpiece; µ =0.04 to 1 
m     workpiece mass [kg] 
𝑎𝑙     linear maximum acceleration 
[m/s2] 
k      safety factor, k = 2 to 4 
 
MATLAB command (17): 
Fg=m./u(1,:)*(g+al).*k 
plot(Fg,u,'-o') 
xlabel('Gripping Force [N]') 
ylabel('Friction coefficient') 
 
 
The graphs (Figure 86, Figure 87), shown a reduction of the gripping force dur-
ing an increment of the friction coefficient. This is because the friction coefficient 
allows a less slippage of the gripped object. 
Figure 86. Graph Gripping force -  
Friction coefficient 
Figure 87. Graph Gripping force -  
Friction coefficient 
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The impact of the change can be calculated comparing the equation of the time 
before and after the change of the size of the object, the results are reported in 
Tab. 25: 
Table 25. Change in friction coefficient – gripping force (vacuum) 
Alteration of the friction 
coefficient (%) 
Alteration of the gripping 
force a)  
Alteration of the gripping 
force b) 
10% - 4.08% - 4.76% 
20% - 7.48% - 8.23% 
30% - 10.36% - 10.56% 
40% - 12.83% -12.99% 
 
 Contact force: 
As already shown (Chapter 3.4.3), for a parallel and angular gripper the con-
tact force can be divided in four different cases depending on the type of contact 
that generates during the grip of an object. However only one of those forces is 
influenced by the changes of the friction coefficient: the contact force in case of 
pure friction mating. 
 
Where: 
Fk  contact force [N] 
g     acceleration due to the gravity [m/s2] 
𝑎𝑙     linear maximum acceleration [m/s2] 
m     workpiece mass [kg] 
µ      friction coefficient, µ=0.04 to 1.0 
MATLAB command (21): 
m=rand(1,1)*10+0.05 
g=9.81 
al=rand(1,1)*40+6 
u=linspace(0.04,1,50) 
Fk=(m*(g+al))./(4.*u(1,:)) 
plot(Fk,u,'-o') 
xlabel('Contact force [N]') 
ylabel('Friction coefficient')  
 
𝐹𝑘 =
𝑚(𝑔 + 𝑎𝑙)
4 ∙ μ
 
 
(21) 
Figure 88. Graph Contact force -  
Friction coefficient 
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The analysis shows that the contact force, when the friction coefficient grows, 
decreases. This situation is similar to the one observed for the gripping force: 
the friction coefficient helps in keeping the workpiece stable in a certain position.  
The impact of the change can be calculated comparing the equation of the time 
before and after the change of the size of the object, the results are reported in 
Tab. 26: 
Table 26. Change in friction coefficient – contact force 
Alteration of the friction coefficient (%) Alteration of the contact force  
10% - 9.1% 
20% - 16.67% 
30% - 23% 
40% - 28.57% 
For vacuum grippers the formulas reported in the paragraph before does not 
have any direct connection with the friction coefficient. 
 Slippage coefficient: 
For parallel and angular grippers the variation of the friction coefficient leads 
also to a modification in the slippage coefficient (Zaki 2010).  
 
Where: 
S      slippage coefficient [N] 
m     object mass [kg] 
µ      coefficient of friction 
g      acceleration due to the earth gravity [m/s2] 
FG     gripping force [N] 
 
MATLAB command (23): 
m=rand(1,1)*10+0.05 
g=9.81 
u=linspace(0.04,1,50) 
Fg=rand(1,1)*120+20 
S=m*g-(2*u(1,:)*Fg) 
plot(S,u,'-o') 
xlabel('Slippage coefficient      [m/s]') 
𝑆 =  𝑚 ∙  𝑔 –  2 μ 𝐹𝐺    (37) 
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ylabel('Friction coefficient')  
 
From the graph in Figure 89, is pos-
sible to see that the friction coeffi-
cient helps the gripping force against 
the loss of the workpiece because it 
brakes the slide of the object and 
mitigates the effect of the slippage 
coefficient allowing a good and sta-
ble grip of the object. 
 
 
The impact of the change can be calculated comparing the equation of the time 
before and after the change of the size of the object, the results are reported in 
Tab. 27: 
Table 27. Change in friction coefficient – slippage coefficient 
Alteration of the friction coefficient (%) Alteration of the slippage 
coefficient (%)  
10% - 3.23% 
20% - 6.47% 
30% - 9.72% 
40% - 12.9% 
 
For vacuum grippers the stability of the grip is dictated by the volumetric air-
flow, factor that is going to be analyzed afterwards.  
3.3.15 Changes in gripper jaw angle: 
Sometimes the use of a type of parallel/angular grippers and of different jaws 
can make the difference for the successful accomplishment of the task opera-
tions. In particular a jaw angle too small, could be not suitable to grip objects of 
big size and on the other side, a jaw angle too big could allow the slide of the 
object out of the fingers. Following is reported an analysis of how the alteration 
of the jaw angle influences the force required to lift the object. 
Figure 89. Graph Slippage coef-
ficient -  Friction coefficient 
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Changes in gripper jaw angle can affect the gripping force in three cases (Monk-
man et al. 2007, Cutkosky 1989):  
 
Case a) Gripping force in case of prism angle jaw gripper with shape and friction 
mating with both of the jaws moving  
𝐹𝐺 =
𝑚(𝑔 + 𝑎𝑙)
2
tan 𝛼 ∙ 𝑘 (13) 
Where:  
FG    gripping force [N] 
g      acceleration due to the gravity [m/𝑠2] 
m     workpiece mass [kg] 
𝑎𝑙     linear maximum acceleration [m/s2] 
k      safety factor, k = 2 to 4 
α      prism angle jaw gripper 
 
Before examining case a) is better to initialize the variables in order not to repeat 
them during the analysis of other situations. 
The initialization of the parameters is the following:  
g=9.81 
u=rand(1,1)*1+0.4 
n=2 
k=rand(1,1)*4+2 
m=rand(1,1)*10+0.05 
al=rand(1,1)*40+6 
alpha=linspace(10,85,50) 
alpha1=(alpha(1,:)/2)*(pi/180) 
 
MATLAB command (13): 
Fg=((m*(g+al))./2)*k*tan(alpha1) 
plot(Fg,alpha,'-o') 
xlabel('Gripping Force [N]') 
ylabel('Gripper jaw angle [°]') 
 
 Figure 90. Graph Gripping force 
– Gripper jaw angle: Case a) 
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Case b) Gripping force in case of prism angle jaw gripper with shape and friction 
mating with one fix jaw 
𝐹𝐺 = 𝑚(𝑔 + 𝑎𝑙) tan 𝛼 ∙ 𝑘 (14) 
Where: 
FG    gripping force [N]  
g      acceleration due to the gravity [m/s2] 
m     workpiece mass [kg] 
𝑎𝑙     linear maximum acceleration [m/s2] 
k      safety factor, k = 2 to 4 
α      prism angle jaw gripper 
 
MATLAB command (14): 
Fg=((m*(g+al)))*k*tan(alpha1) 
plot(Fg,alpha,'-o') 
xlabel('Gripping Force [N]') 
ylabel('Gripper jaw angle [°]') 
 
 
 
 
Case c) Gripping force in case of prism angle jaw gripper with pure friction mat-
ing 
𝐹𝐺 =
𝑚(𝑔 + 𝑎𝑙)
2 ∙ 𝜇
sin 𝛼 ∙ 𝑘 (15) 
Where:  
FG    gripping force [N] 
g      acceleration due to the gravity [m/𝑠2] 
µ      friction coefficient between the gripper and the workpiece; µ =0.04 to 1 
m     workpiece mass [kg] 
𝑎𝑙     linear maximum acceleration [m/s2] 
k      safety factor, k = 2 to 4 
α      prism angle jaw gripper 
 
Figure 91. Graph Gripping force 
– Gripper jaw angle: Case b) 
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MATLAB program (15): 
Fg=((m*(g+al))/(2*u))*k* 
sin(alpha1) 
plot(Fg,alpha,'-o') 
xlabel('Gripping Force [N]') 
ylabel('Gripper jaw angle [°]') 
 
 
In the three cases (Figure 90, Figure 
92), the gripping force increases when 
the finger jaw angle becomes bigger, 
but while in the first and second cases the 
jaw angle seems to have a limit in extent, in 
the third one this limit is higher and the angle can assume bigger values of wide-
ness. This is due to the different way of lifting the workpiece: in the first two 
cases, indeed, the prehension force generates a shape and friction mating, for 
which it is important to have an acute angle in order to reach the stability of the 
piece. Whereas a force based only on friction mating characterizes the third 
case. In this situation, the angle has to assure a contact surface between the 
gripper and the workpiece bigger in order to allow the friction coefficient to help 
in holding the piece.  
The impact of the change can be calculated comparing the equation of the time 
before and after the change of the size of the object, the results are reported in 
Tab. 28: 
Table 28. Change in gripper jaw angle – gripping force 
Alteration of the jaw 
angle (%) 
Alteration of the 
gripping force (%)  
Case a) 
Alteration of the 
gripping force (%)  
Case b) 
Alteration of the 
gripping force (%)  
Case c) 
10% 10.21% 12.48% 12.98% 
20% 23.23% 25.84% 25.91% 
30% 38.12% 40.26% 41.46% 
40% 52.09% 55.95% 57.11% 
 
Figure 92. Graph Gripping force 
– Gripper jaw angle: Case c) 
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3.3.16 Changes in gripping area: 
The gripping area is the contact part between the gripper and the object. It can 
be a surface, for prismatic workpiece or in case of vacuum gripper prehension, 
a line, in case of cylindrical workpiece or a point, in case of spherical objects.  
Normally the alteration of the contact gripping area modifies the parameter of 
the pressure effecting the object surface. Following this factor is analyzed. 
 Pressure on a surface: 
 
For parallel and angular grippers the change of gripping area leads to the use 
of different equations for the calculation of the pressure, as it has been shown 
in the Chapter 3.4.1. In addiction, for the cases of line contact and surface con-
tact, a variation of the gripping area size produces a modification of the value of 
the pressure itself.  
It is possible to divide four cases of surface pressure with the following initiali-
zation: 
Er=rand(1,1)*210000+3000  
r=rand(1,1)*300+5 
L=linspace(5,200,50) 
Fk=rand(1,1)*1500+10 
a=rand(1,1)*250+5 
d=rand(1,1)*250+10 
b=linspace(5,250,50) 
 
Where: 
p         pressure on a surface [N/mm2] 
𝐸𝑟        average coefficient of elasticity [N/mm2] 
𝑑           diameter of gripped object [mm] 
𝐹𝑘        contact force [N] 
L          contact line length [mm] 
r             radius of curvature of the gripper jaw [mm] (r = ∞ corresponds to plane 
surfaces) 
A = a ∙  b    Prehension surface area  
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Case a) Contact line with convex gripper jaw shape (Monkman 2007, Siciliano 
et al. 2008) 
𝑝 = 0.418√
𝐹𝑘 ∙  𝐸𝑟
𝐿 
 (
2
𝑑
+
1
𝑟
)   (5) 
The equation (5) reported on MATLAB 
is: 
f1=(Fk*Er)./L(1,:) 
f2=2/d 
f3=1/r 
p=0.418*sqrt(f1.*(f2(1,:)+f3)) 
plot(p,L,'-o') 
xlabel('Pressure [N/mm2]') 
ylabel('Contact line[mm]') 
 
Case b) Contact line with concave 
gripper jaw shape (Monkman 2007), 
Siciliano et al. 2008) 
MATLAB command (6): 
f1=(Fk*Er)./L(1,:) 
f2=2/d 
f3=1/r 
p=0.418*sqrt(f1.*(f2(1,:)-f3)) 
plot(p,L,'-o') 
xlabel('Pressure [N/mm2]') 
ylabel('Contact line[mm]') 
 
 
𝑝 = 0.418√
𝐹𝑘 ∙  𝐸𝑟
𝐿 
 (
2
𝑑
−
1
𝑟
)   (6) 
Figure 93. Graph Pressure –
Contact line: Case a) 
Figure 94. Graph Pressure –
Contact line: Case b) 
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Case c) Contact line with parallel gripper jaw shape (Monkman 2007), Siciliano 
et al. 2008) 
𝑝 = 0.418√
2 ∙  𝐹𝑘 ∙  𝐸𝑟
𝐿 ∙ 𝑑
  (7) 
MATLAB command (7): 
f1=2*Fk*Er 
f2=L(1,:)*d 
p=0.418*sqrt(f1./f2(1,:)) 
plot(p,L,'-o') 
xlabel('Pressure [N/mm2]') 
ylabel('Contact line[mm]') 
 
 
Case d) Contact surface (Monkman 2007), Siciliano et al. 2008)  
𝑝 =  
𝐹𝑘
𝐴
 (9) 
MATLAB command (9): 
ab=a.*b(1,:) 
p=Fk./ab(1,:) 
plot(p,ab,'-o') 
xlabel('Pressure [N/mm2]') 
ylabel('Contact surface[mm2]') 
 
 
 
 
The commands on MATLAB return for each of the four cases, a descendent 
exponential graphic (from Figure 93 to Figure 96). This means that the bigger 
the gripping area, the lower the pressure. This is because the pressure exer-
cised on the workpiece distributes along the entire contact surface and for this 
reason the pressure effecting a unit of mm2 is lower. 
The impact of the change can be calculated comparing the equation of the time 
before and after the change of the size of the object, the results are reported in 
Tab. 29: 
Figure 95. Graph Pressure –
Contact line: Case c) 
Figure 96. Graph Pressure –
Contact surface: Case d) 
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Table 29. Change in contact line – surface pressure 
Alteration of the 
contact line (%) 
Alteration of the 
pressure (%)  
Case a) 
Alteration of 
the pressure 
(%)  
Case b) 
Alteration of 
the pressure 
(%)  
Case c) 
Alteration of the 
gripping force (%)  
Case d) 
10% - 4.66% - 3.45% - 5.22% - 11% 
20% - 8.71% - 7.23% - 9.32% - 16.67% 
30% - 12.29% - 10.87% - 13.36% - 23.33% 
40% - 15.49% - 13.38% - 16.68% - 28.56% 
 
For vacuum grippers instead, the change of the gripping area can influence, 
beyond the pressure, even the contact force: 
 Pressure on a surface: 
The equation of the pressure can be modelled as following (Monkman et al. 
2006): 
    𝜎 =
𝐹𝐺 − 𝑚 ∙ (𝑔 + 𝑎𝑙)
𝐴
 (10) 
Where:  
σ   vacuum surface pressure [N/mm2]  
g   acceleration due to gravity [mm/s2] 
al   linear maximum acceleration [m/s2] 
FG   gripping force [N] 
A   prehension surface area [mm2] 
 
MATLAB program (10): 
Fg=rand(1,1)*1500+20 
m=rand(1,1)*10+0.05 
g=9.81 
al=rand(1,1)*40+6 
A=linspace(0.1,1,50) 
o=(Fg-(m*(g+al)))./A(1,:) 
plot(o,A,'-o') 
xlabel('Surface pressure [N/m2]') 
ylabel('Gripping area [m2]')  
 Figure 97. Graph Pressure –
Contact area: vacuum  
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Figure 97 illustrates the decrement of the pressure affecting the surface due to 
an increment of the gripping area.  
The impact of the change can be calculated comparing the equation of the time 
before and after the change of the size of the object, the results are reported in 
Tab. 30: 
Table 30. Change in contact line – surface pressure (vacuum) 
Alteration of the contact line (%) Alteration of the pressure (%)  
10% - 4.66% 
20% - 8.71% 
30% - 12.29% 
40% - 15.49% 
 
 Contact force:  
The contact force in case of vacuum gripper can be expressed as following 
(Monkman et al. 2006): 
 
 
Where: 
𝜎0    atmospheric pressure [bar], depends on the geografical height 
𝜎𝑢    applied vacuum pressure [bar] within suction volume 
A     prehension surface area [m2]         
MATLAB command (22): 
o0=1 
ou=rand(1,1)*1+0.001 
A=linspace(0.1,1,50) 
Fk=(o0-ou)*A(1,:) 
plot(Fk,A,'-o') 
xlabel('Contact force [N]') 
ylabel('Gripping area [m2]') 
 
 
 
When the gripping area becomes bigger, the contact force grows because it has 
to maintain a connection between the object and the suction cup in order to 
create the vacuum (Figure 98). 
𝐹 = (𝜎0 − 𝜎𝑢) 𝐴 (22) 
Figure 98. Graph Contact force –
Contact area: vacuum  
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The impact of the change can be calculated comparing the equation of the time 
before and after the change of the size of the object, the results are reported in 
Tab. 31: 
Table 31. Change in contact line – contact force (vacuum) 
Alteration of the contact line (%) Alteration of the contact force (%)  
10% 11.34% 
20% 23.39% 
30% 32.11% 
40% 41.86% 
 
 
3.3.17 Changes in volumetric flow rate 
The flow rate is the volume of air that is ejected by the gripper in a unit of time. 
It is an important parameter for the success of the gripping task because from it 
depends the generation of the vacuum able to lift the object. 
The equation that can represent the volumetric flow rate is (Monkman et al. 
2006): 
𝑄 =
𝑑𝑉
𝑑𝑡
=
𝑃
𝜎
 (48) 
Where: 
Q   volumetric flow rate [m3/s] 
𝑑𝑉
𝑑𝑡
  variation of the volume of air emitted in the unit of time [m3/s] 
P    steady state power consumption [Watt] 
σ    surface pressure [N/m2] 
 
In order to see how the change of the flow influences the surface pressure, the 
equation must be written in a different way: 
𝜎 =
𝑃
𝑄
 (49) 
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Processing that equation (49) on 
MATLAB is possible to obtain the 
following result. 
MATLAB command (49): 
P=rand(1,1)*4+1 
Q=linspace(10*(10^-
6),10*(10^-4)) 
o=P./Q(1,:) 
plot(o,Q,'-o') 
xlabel('Surface pressure 
[N/m2]') 
ylabel('Volumetric flow rate 
[m3/s]') 
 
 
 
From the graph in Figure 99, it is possible to see that a reduction of the volu-
metric flow rate creates an augment of the pressure that the suction cup has to 
exercised on the workpiece surface. This is because less the flow rate is and 
less is the power of the suction. Under a certain volumetric flow rate, is neces-
sary to have a high value of the surface pressure in order to lift the object.  
 
The impact of the change can be calculated comparing the equation of the time 
before and after the change of the size of the object, the results are reported in 
Tab. 32: 
Table 32. Change in volumetric flow rate – surface pressure  
Alteration of the flow rate (%) Alteration of the pressure (%)  
10% - 4.66% 
20% - 8.71% 
30% - 12.29% 
40% - 15.49% 
 
 
 
 
Figure 99. Graph Surface 
pressure –volumetric flow rate 
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3.4 Determination of the key factors of the model 
3.4.1 Key factors 
Having explained the first part of the method, a comparison between the results 
obtained from the analysis and the ones forecasted at the beginning points out 
the diversities: 
 The relationship between the shape of the object and the orientation that the 
robot arm has to achieve in order to grip it has not been demonstrated 
through the analysis; this is because it is not always true that a change in the 
shape of the workpiece leads the robot to modify its orientation in order to 
reach a good position; 
 The acceleration has no direct relationship with the cycle time because the 
cycle time and in particular the time of the robot motion depends on, both, 
the position to be reached and on the maximum speed that it can accomplish 
during the task. The acceleration changes when the value of the speed is 
modified;  
 The change of object size influences the pressure on a surface, but the 
opposite situation is not true. This is because a change of pressure is not so 
influent in a modification of the workpiece size, but it can affect the type of 
object to be gripped. If an object is fragile, it must not be subjected to high 
level of pressures; 
 Looking in literature, no evidence was found to link the relationship between 
the positioning error and the surface pressure; 
 The links between gripping force and friction coefficient, gripping force and 
slippage coefficient, object size and free space for mounting, are only one-
way relationships and not mutually exclusive as it was predicted in the 
beginning.  
 A demonstrated link between the contact force and the gripping area for the 
vacuum grippers has been discovered; 
 It is more probably that the bigger the gripping area is, the better the 
conditions for the workpiece prehension can be; but no link has been found 
between this supposition and a possible reduction of the gripping force 
applied; 
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Beyond these considerations, two main effects have been observed during the 
analysis: 
1. Some parameters appear during the analysis more frequently than others: 
which means that they are able to influence more parameters 
simultaneously. 
2. Some parameters have a higher impact on the alteration of the other 
parameters related to them. 
In particular, in order to explain the second point regarding the magnitude of the 
impact, a comparison of each of the formulas analyzed for the one-way 
sensitivity analysis can be developed, before and after a change of one of the 
parameters. 
Following two examples of this comparison are reported: the methodology intro-
duced to implement this study can be a starting point for future work into the 
study of the grade of impact that the parameters have in the relationships found 
in this model.   
First example - pressure on a surface: 
A comparison has been made between the value of the pressure obtained by a 
change of, for example, 20% of the measure of the contact line length, gener-
ated between the gripper and the object surfaces and the value deriving from a 
change by the same percentage of the contact force.                   
𝑝 = 0.418√
𝐹𝑘 ∙  𝐸𝑟
𝐿 
(
2
𝑑
+
1
𝑟
) (5) 
Where: 
p         pressure on a surface [N/mm2] 
𝐸𝑟        average coefficient of elasticity [N/mm2] 
𝑑           diameter of gripped object [mm] 
𝐹𝑘        contact force [N] 
L          contact line length [mm] 
r radius of curvature of the gripper jaw [mm]  
 
1) 𝐿𝑛𝑒𝑤 = 𝐿 + 𝐿 ∙ 20%                 2) 𝐹𝑘𝑛𝑒𝑤 = 𝐹𝑘 + 𝐹𝑘 ∙ 20% 
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𝐿𝑛𝑒𝑤    new measure of the contact line length after its increasing of about 20% 
of its value 
𝐹𝑘𝑛𝑒𝑤   new measure of the contact line length after its increasing of about 20% 
of its value 
 
Substituting the new parameters in the equation of the pressure is possible to 
obtain the following impacts: 
1) 𝑝𝑛𝑒𝑤 = 0.418√
𝐹𝑘 ∙ 𝐸𝑟
𝐿𝑛𝑒𝑤
(
2
𝑑
+
1
𝑟
)             2) 𝑝𝑛𝑒𝑤 = 0.418√
𝐹𝑘_𝑛𝑒𝑤 ∙ 𝐸𝑟
𝐿
(
2
𝑑
+
1
𝑟
) 
1) 𝑖𝑚𝑝𝑎𝑐𝑡% =
𝑝𝑛𝑒𝑤 − 𝑝
𝑝
                             2) 𝑖𝑚𝑝𝑎𝑐𝑡% =
𝑝𝑛𝑒𝑤 − 𝑝
𝑝
 (50) 
Supposing: 
𝐸𝑟 = 210000 N/mm2 
𝐹𝑘 = 180 N 
d = 86 mm 
r = 30 mm 
L= 40 mm 
 
It is possible to obtain: 
𝑝 = 0.418√
180 ∙ 210000
40
(
2
86
+
1
30
) = 96.66 𝑁 𝑚𝑚2⁄  
 
1) 𝐿𝑛𝑒𝑤 =  40 + 40 ∙ 20% = 48  mm     2) 𝐹𝑘𝑛𝑒𝑤 = 180 + 180 ∙ 20% = 216 N 
 
1) 𝑝𝑛𝑒𝑤 = 0.418√
180 ∙ 210000
48
(
2
86
+
1
30
) = 88.24 𝑁 𝑚𝑚2⁄  
2)𝑝𝑛𝑒𝑤 = 0.418√
216 ∙ 210000
40
(
2
86
+
1
30
) = 105.88 𝑁 𝑚𝑚2⁄  
And the relatives impacts: 
1) 𝑖𝑚𝑝𝑎𝑐𝑡% =
88.24 − 96.66
96.66
= −0.087 = − 8.7% 
2) 𝑖𝑚𝑝𝑎𝑐𝑡% =
105.88 − 96.66
96.66
= −0.095 = 9.5% 
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The impact of the 2) expression, when the contact force changes, is higher in 
respect to the impact generated by the line contact length.  
For different values of the change in contact line length, it is possible to obtain 
the following results: 
 
Second example - gripping force in case of prism jaw gripper with shape force 
mating: 
A comparison has been made between the value of the gripping force obtained 
by a change of, for example, 20% of the measure of the mass and the value 
deriving from a change by the same percentage of the maximum acceleration.                   
𝐹𝐺 = 𝑚(𝑔 + 𝑎𝑙) ∙ 𝑘 (12) 
Where: 
FG    gripping force [N] 
g      acceleration due to the gravity [m/𝑠2] 
m     workpiece mass [kg] 
k      safety factor, k = 2 to 4 
𝑎𝑙     linear maximum acceleration [m/s2] 
Following the same steps implemented for the pressure and supposing that: 
g = 9.81 m/s2       
m = 15 kg 
k = 3     
𝑎𝑙 = 1 m/s2  
 
It is possible to obtain:    
𝐹𝐺 = 15 ∙ (9.81 + 1) ∙ 3 = 486.45 𝑁 
 
1) 𝐹𝐺 = 18 ∙ (9.81 + 1) ∙ 3 = 583.74 𝑁        2)𝐹𝐺 = 15 ∙ (9.81 + 1.2) ∙ 3 = 495.45 𝑁 
And the relatives impacts: 
1) 𝑖𝑚𝑝𝑎𝑐𝑡% =
583.74 − 486.45
486.45
= 0.2 = 20% 
2) 𝑖𝑚𝑝𝑎𝑐𝑡% =
495.45 − 486.45
486.45
= 0.018 = 1.8% 
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The higher impact is derived by a change of the mass of the workpiece, which 
leads to an increment of the gripping force by a percentage equal to the mass 
percentage modification. Instead the modification of the maximum acceleration 
influences only 2% of the force change. 
3.4.2 Charts of the results of the model 
Using, as a selection criteria, the frequency on which the parameters appear 
during the analysis and the magnitude of the impact which its modification pro-
duces on other factors, the key factors of the model have been individuated.  
Key factors are: 
 Speed; 
 Acceleration; 
 Gripping force; 
 Contact force; 
 Cycle time; 
 Surface pressure; 
 Volumetric flow rate; 
 Free space for mounting; 
 Positioning error. 
The key factors are shown by grey circles in both the two charts reported below 
in order to display in a clear way the results of the method: one chart for the 
parameters of a parallel and angular gripper and one, for the parameters of the 
vacuum grippers.  
Figure 100 shows the links that result from the analysis of the parallel and an-
gular grippers: some links are mutual, because a parameter influences another 
and vice versa, whereas some are only one-way direction, because it is not al-
ways verified that if a parameter effects another is true also the opposite situa-
tion. 
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Figure 100. Parallel and angular gripper parameter’s relations chart 
For example, the parameter of the object weight has a mutual relationship with 
the gripping force and a one-way relationship with the slippage coefficient. 
Regarding the gripping force, the link is reciprocal because, as demonstrated in 
the previous studies, when the object increases its weight, automatically the 
gripping force has to be higher in order to avoid the loss of it during the 
movement. On the other hand, low values of gripping force limit the maximum 
weight of the object that can be manipulated. Different reasoning is for the 
slippage coefficient: a heavier workpiece, as showed in Chapter 3.4.3, causes 
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an increment of the slippage coefficient  but the contrary situation is not always 
true because the fact that the slippage coefficient changes, does not mean that 
the object weight has to change consequently in the case of an adequate 
gripping force.   
Other charts can be displayed for the parameters obtained from the study of the 
vacuum grippers (Figure 101). Some relationships are the same as the ones 
saw for the parallel and angular gripper, for example the links between speed, 
cycle time, trajectory, because these are parameters that are typical of the robot 
more than the gripper. Others are different, some parameters such as the jaw 
angle or the slippage coefficient are missing because they are not present in the 
case of vacuum grippers, one other has also been added, the volumetric flow 
rate, a parameter which is crucial for the creation of the vacuum. 
Volumetric 
flow rate
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Figure 101. Vacuum grippers parameter’s relations chart 
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3.5 Graphical user interface and multi-way sensitivity analy-
sis 
In the first part of the method shown above a one-way sensitivity analysis has 
been developed in order to understand the relationships existing between the 
parameters. In particular, how the variation of one parameter influences the 
other factors has been analyzed. MATLAB commands and graphical represen-
tations have been displayed to have a better view of the possible changes; but 
the data taken as reference for the generation of the model, have been randomly 
generated inside an interval of estimated values.  
However, it is necessary to understand the real parameters variation, inserting 
the real working values for each specific process. In addiction, real working en-
vironments usually see the alteration of more than one parameter simultane-
ously and not only one, as studied in the first analysis. For this reason this sec-
ond part of the method involves the construction of a graphical user interface 
that allows the user to implement a multi-way sensitivity analysis (a more real-
istic trend of the variables) and which the human operator can easily interact 
with.  
 
Figure 102. Graphical user interface 
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Figure 102 above illustrates the graphical interface that has been created in this 
chapter.  
The interface is divided into six panels each of them with a specific meaning. In 
the following paragraphs, the paper is going to explain each single panel, from 
how it has been constructed to how the user can use it to his advantage.  
3.5.1 Graphical interface: Type of gripper  
The first panel that has to be looked at is the one located in the upper right part 
of the graphical interface. The user in this block can choose the typology of 
gripper that is going to be employed for his specific task (Figure 103). 
 
 
 
 
For every type of gripper, in this case parallel and angular (these two categories 
have been considered together as already explained in Chapter 3.4) or vacuum, 
there are different equations that can be used to analyze the links between the 
parameters. 
 
The two-option choice has been created following a method similar to the if-then 
logic (Figure 104): 
 
Figure 104. MATLAB switch logic 
Figure 103. Graphical interface: 
Type of gripper 
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popupmenu3 is the box in which the gripper choices are written.  
Writing the first command contents=(get(handles.popupmenu3,'Value')), 
means acquiring the data from the popupmenu3 box, in this case an option 
selection and switch among the values associated with that option. If the user 
selects the parallel/angular grippers, the value is set on 1 (case 1), if the vac-
uum grippers is selected instead, the program sets on the case 2. Under each 
of the cases are reported the commands, used to calculate the parameters, 
which will be explained afterwards. The command end interrupts the cycle. 
3.5.2 Graphical interface: Type of contact 
After selecting the type of gripper to use for the specific task, it is important to 
specify what type of contact between the gripper and the object surface origi-
nates during the execution of the task (Figure 105). The contact depends on the 
typology of gripper and of the shape of the workpiece and can be a surface, a 
line or a point. 
 
 
 
The user selects the option that fits the specific task and, in the situation of line 
contact/surface contact, he has to fill the measurement of the length of the 
contact line or of the area of the contact surface. 
 
The choice of one of the options activates a logic if-then connected to different 
commands: 
Figure 105. Graphical inter-
face: Type of contact 
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Figure 106. MATLAB if-then logic commands 
As shown in Figure 106, the first step is to acquire the values from the different 
options, as explained in the ‘Type of gripper’ panel. If the user selects the option 
of contact point, the function pc==1 activates and processes the commands 
that are below (the commands will be shown in the next paragraphs). Whereas 
if the user chooses the line contact, the lc==1 function starts and if he selects 
the surface contact, sc==1 commands can be processed. In the case of contact 
line and contact surface, before implementing the commands written above the 
functions, it is necessary to recover the values of the length of the contact line 
and of the area on the contact surface that the user has inserted in the interface. 
This is possible to do with the following commands: 
Line_contact =str2num(get(handles.L,'String')) 
L=set(handles.L,'String') 
With the first command, the value that the operator writes in the appropriate 
space is converted from the format string to the format number, in order to make 
the calculation. The second command takes the number obtained from the pre-
vious phase and associates it to the variable L of the length of the contact line. 
The same procedure can also be followed for the surface area. 
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For parallel and angular grippers, all the options can be activated, but for vac-
uum grippers, the surface area is the only one which can be switched on, be-
cause the contact between the suction cup and the object surface cannot be a 
point or a line. 
3.5.3  Graphical interface: Type of force generated during contact 
The other parameter, which can be chosen, is the type of force generated dur-
ing the contact (Figure 107). There are four possibilities of force generated, as 
already displayed in Chapter 3.4.3: shape-force mating, shape and friction 
mating for two moving jaws or for one fixed jaw and friction force mating. For 
parallel and angular grippers all 
conditions can be selected; 
whereas for vacuum grippers only 
the shape force-mating, in the 
case of horizontal prehension, 
and the friction mating, in the 
case of vertical prehension can 
be activated.  
 
 
 
In this case, the selection of one of these options activates different function 
equations through the implementation of the if-then logic used also for the case 
of contact type.  
   
3.5.4 Graphical interface: Type of jaws 
The last selection that the user has to do in the case of parallel or angular gripper 
is the type of jaws that characterizes the end effector (Figure 108). 
 
 
 
Even in this case, choosing a type of jaws rather than another leads to have 
different equations for the calculation of the parameters. The equations are ac-
tivated with the logic if-then. 
Figure 107. Graphical interface: Type of 
force generated during contact 
Figure 108. Graphical interface: Type of jaws 
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3.5.5 Graphical interface: Input parameters 
The panel of input parameters (Figure 106) represents a primary block of the 
graphical interface, because it contains the parameters and data that have been 
processed and analyzed in the first analysis of sensitivity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The user has to fill the appropriate spaces with the values characterizing the 
task that he wants to analyze. Not all the white boxes have to be completed, but 
by selecting the type of gripper in the first upper block on the right, for example 
parallel/angular grippers, the boxes created for the parameters of the vacuum 
grippers such as the vacuum pressure, the deformation coefficient, the initial 
flow rate etc., are switched off.  
 
In order to collect the data inserted by the user, the MATLAB command for 
example can be: 
qix1=str2num(get(handles.gripx_pos,'String')) 
gripx_pos=set(handles.gripx_pos,'String') 
 
The command in this case allows the acquisition of the datum related to the 
gripper initial position qix1. The program extrapolates the string that the user 
Figure 109. Graphical interface: Input parameters 
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wrote in the box gripx_pos and converts this string into a number that can be 
processed for the next operations, assigning that value to the variable qix1. 
 
Beyond the classical performance parameters, the interface also reports the 
three main positions that a gripper has to reach: the initial position, the location 
of the object and the target position in which the object is released (pick and 
place) or other operations (assembly/disassembly).  
 
3.5.6 Graphical interface: Results panel 
The last part of the graphical interface is the result panel, a section in which the 
key parameters found in Chapter 3.5 are calculated with the equations used for 
the one-way sensitivity analysis (Chapter 3.4): in particular the results  ‘Speed’ 
and ‘Acceleration’, indicate the speed and acceleration medium that the robot 
has during the path.  
 
 
 
While most of the results are also inputs for other parameters (for example the 
contact force calculated as a result is used to determinate the pressure on a 
Figure 110. Graphical interface: Result panel 
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surface, or the movement time is used to calculate the cycle time of the task), 
the acceleration displayed on the interface is not the input of the gripping force. 
This is because, for the gripping force, the acceleration to use is the maximum 
acceleration that the robot can reach in the process, which depends on the 
maximum speed of its arm (as shown in Chapter 3.4.9).     
The key factors are reported in Figure 110. Each result is generated in a different 
way, through the implementation of an algorithm that takes the data inserted by 
the human user and uses them as the input for the model.  
Following the way in which the results can be calculated is illustrated; for this 
reason as an example the algorithm for the determination of the pressure 
generated by a parallel gripper on a workpiece surface has been taken. 
The first thing to do is extrapolated the data inserted by the human operator, as 
seen in the panel of Input parameters.  
 
For example: 
Er=str2num(get(handles.Elasticity,'String')) 
Elasticity=set(handles.Elasticity,'String') 
The command takes the parameter in the Elasticity box, converts it into a 
number and assigns it to the variable Er. This same command has to be applied 
for all the parameters that want to be extrapolated. 
After initializing the variables, the second thing to do is initialize the functions 
that the user can switch on by choosing an option in the panel present in the 
upper level of the graphical interface; for example it is possible to write:  
pc= get(handles.point_contact,'String')  
This command allows the program to extrapolate the information from the button 
point_contact and store them for the following computations. This operation 
has to be repeated for every function, which the user can choose. 
Once the phase of initialization has finished, the phase in which the results are 
calculated starts. Each result can be related to more than one equation, because 
this depends on the type of function chosen by the human operator. In order to 
activate one formula instead of another, the logic if-then has been applied to the 
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algorithm. The logic if-then is a programming methodology that allows the 
algorithm to implement a certain part, only if some conditions are verified. 
if lc==1 means that if the user chooses the option of Line_contact in the 
panel type of contact, the program has to implement the equations related to 
this function. 
elseif pc==1 means that if the user does not choose the first option 
expressed by the first if, but he presses the button for the point_contact, 
the program has to perform totally different equations. 
The results obtained with the equations have to be displayed in the 
appropriate box in order to be visible to the user. For this reason the 
commands used in this case are for example:  
result9=num2str(p); 
set(handles.res_pressure,'String',result9) 
These commands mean that the result of the equation p, first, is converted 
from the number to a String, and then (with the second command) is displayed 
in the box res_pressure presented in the panel of results.  
 
Figure 111 shows the entire procedure explained above for the calculation of 
the pressure that the gripper exercised on a surface. 
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Other properties that characterize the result panel are the three push buttons: 
Go, Reset and Positioning error.  
Figure 111. MATLAB command of surface pressure for 
parallel/angular grippers 
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The Go button in Figure 112 is the command that allows the program to execute 
the computation of the equations and so all the commands explained before. In 
order to make the Go button work, every command has been written under it, 
so when the human operator presses it, the program processes all the 
information it contains. 
 
Figure 112. Button MATLAB: GO  
The second button is the Reset button that allows the human operator to delete 
the entire graphical interface in order to use it more times and for totally different 
processes.  
 
 
Figure 113. Button MATLAB: Reset  
 
In Figure 113 are reported some of the commands of the Reset button. As it is 
possible to see, for each parameter presented in the Results panel, the pro-
gram, when the user presses Reset, generates an empty String and associ-
ates it to the parameter in order to delete its value.  
In the end, the push button named Positioning error is a control that returns the 
range of the error that the robot can accomplish around a middle value during 
the operation of positioning. The positioning error in the panel of result, as the 
paper is going to show afterwards, is presented differently for the three axes x, 
y and z.  
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The reason why the computation of the positioning error is regolated by a button 
is because there are some commands in the error equation that involve the 
generation of random values; this creates a problem when the user, during the 
execution of the multy-way sensitivity analysis, wants to see how the change of 
some parameters impact on the key factors. Indeed, pressing the Go button, the 
program processes again all the commands and generates even new random 
values, compromising the effective result of the parameter variation.  
Imposing a button to regolate it, the problem is solved. 
In Figure 114, is reported the part of the algorithm in which the push button of 
positioning error is activated.  
The positioning error can be written (as shown in chapter 3.3) in the following 
way: 
 
Where: 
∆𝑥 is the deviation of the medium value of the distributiin respect to the value to 
be reached and can be calculated with the expression ∆𝑥 = 𝑞𝑚 − 𝑞𝑓, in which 
𝑞𝑚 is the medium value of the distribution and 𝑞𝑓 is the value that the gripper 
has to reach. 
3 𝜎𝜀 is the casual error which stands for the grade of repeatability; it can be 
represented as: 
 
 
Where N is the number of attempts. 
𝜀𝑥 = ∆𝑥 ± 3𝜎𝜀     (40) 
𝜎𝜀 = √
∑ (𝑞𝑚 − 𝑞𝑓)2
𝑁
𝑖=1
𝑁 − 1
 
     
(41) 
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The first part consists in the extraction of the values that have been inserted by 
the user, for example:  
Figure 114. Button MATLAB: Positioning error 
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qix1=str2num(get(handles.gripx_pos,'String')) 
gripx_pos=set(handles.gripx_pos,'String') 
The command allows the program to take the string inserted by the user in the 
box gripx_pos and to convert it in a number that with the second function set, 
is associated then to the variable qix1. This procedure is repeated for all the 
other variables that are useful for the computation of the positioning error. 
 
After that, with the command Xdm=linspace(qfx1-1,qfx1+1,20), a random 
distribution of twenty values between qfx1-1 and qfx1+1 (Lundstrom et al. 
1977) is  generated. It indicates the range of positions that the gripper can as-
sume in respect to the real position along the x axis (qfx1±1 because the max-
imum error that can occur must not be higher than 1 mm). Same command is 
written for y and z axes and for different attempts Xdm1/Ydm1/Zdm1- 
Xdm2/Ydm2/Zdm2 that are required from the equation of the positioning error.  
 
Once all the random values are generated, it is necessary to calculate the mean 
value of the distribution obtained, for example Xm1=mean(Xdm1), for all the at-
tempts. 
At this point, the program has all the data to process the equations written 
above. First, it calculates the distance between the mean value of the distribu-
tion and the target position, in order to understand the magnitude of the system-
atic error. Then, it calculates the casual error implementing the equation (41). 
The positioning errors along x, y and z are determinated for each of the attempt, 
in the example three, and the maximum between the values has been displayed 
in the graphical interface as result: 
Ex=max(Ex1,Ex2) 
result1=num2str(Gualtiero Fantoni, Bernd Scholz-Reiter et al.)  
set(handles.res_err_x,'String',result1) 
Where Ex1,Ex2 are the errors at the second and third attempt; the first attempt 
is not considered here because has been already used inside the equations for 
the determination of these two errors. Regarding the second part of the com-
mand, it means that the result of the Ex function is converted from a number to 
a string, assigned to the result1 variable and displayed as result in the graph-
ical interface inside the box handles.res_err_x. 
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3.6 Checklist for data acquiring 
The graphical user interface allows the user to choose customized parameters 
proper of the specific process he wants to analyze.  
In order to find all the information necessary to fill the graphical user interface, 
the user has to follow some steps: 
a) Understanding the process object of study 
 What type of handling process is it? 
 What type of product does the process manipulate? 
 What type of gripper does the process involve? 
b) Decomposing the process in sub-activities 
 How many activities compose the process? Which are they? 
 What is the sequence in which they have to be processed? 
c) Analyzing the sub-activities  
 Which are the factors that influence the specific activity? Collect the 
values. 
The phases can be reported on a checklist able to help the human operator in 
the research of all the data he needs in order to accomplish the analysis. The 
check list of Table 33 is in particular built to acquire the data that will be used 
for the validation cases of the next Chapter, but can be adapted also for other 
type of tasks. 
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Table 33. Checklist for handling task analysis 
CHECKLIST FOR THE HANDLING TASK ANALYSIS 
Understanding the process object of study 
1) What type of handling process is it? 
 Assembly  Disassembly  Pick and Place 
2) What type of product does the process manipulate? 
 
3) What type of machines/tools does the process involve? 
 Parallel gripper  Angular gripper  Vacuum grippers 
If the gripper is parallel or angular:  
4) How many fingers are moving simultaneously?  
5) Which are the type of jaws? 
 Convex jaws  Concave jaws  Plane jaws 
6) What is the force generated during the contact?  
 Shape mating  Shape and friction mating  Pure friction mating 
Decomposing the process in sub-activities 
1) How many activities compose the process?                      Which are they? 
 
 
 
 
 
 
 
 
 
 
 
 
2) What is the sequence in which they have to be processed? 
 
 
 
 
       Page - 1 
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CHECKLIST FOR THE HANDLING TASK ANALYSIS 
Analyzing the sub-activities  
1. Gripper opening 
2. Fingers speed 
3. External object size 
4. Object weight 
5. Jaw angle 
6. Elasticity 
7. Max robot speed 
8. N° of fingers/suction 
cups 
9. Workpiece position 
10. Gripper position 
 
11. Final target position 
12. Time set-up 
13. Finger width 
14. Jaw prism depth 
15. Time constant (vacuum) 
16. Vacuum applied pres-
sure 
17. Deformation coefficient 
18. System efficiency 
19. Load max speed 
20. Jaw radius of curvature 
 
21. Power consumption 
22. Initial flow rate 
23. Contact line length 
24. Contact surface 
25. Time finger opening 
26. Contact force 
27. Gripping force 
28. Surface pressure 
29. Friction coefficient 
30. Cycle time 
 
 
31. Free space for 
mounting 
32. Medium speed  
33. Medium Acceler-
ation 
34. Positioning error 
35. Volumetric flow 
rate 
36. Safety coefficient 
 
 
1) Which are the factors that describe the activities? 
Activities Parameter Value Dimension 
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
 
                                   Page - 2 
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Critical point for the compilation of the checklist, reported in Table 4, is the 
identification of the sub-activities of the process and the way in which each of 
them can be connected to the task parameters. 
The sub-activities in this paper are determined as the single movements and 
actions that the robot has to perform in order to successfully accomplish the 
task. They can be, for example, the movements of the gripper from a specific 
position to another or the actions such as object grip/release and tool 
exchange.   
Once recognized all the sub-activities characterizing a process, it is necessary 
to understand which information the gripper needs in order to complete the 
singular operation. All this information will be used to relate the parameters to 
the correspondent activity. For example the operation of a pick a place task, 
‘movement from position A to position B’, requires information such as the 
locations of these two points, the trajectory of the robot, and the speed and 
acceleration of the movement. Therefore, the parameters enumerated in the 
checklist that in this case will be associated to this activity are:  
7. Max robot speed 
9. Workpiece position 
10. Gripper position 
11. Final target position 
19. Load max speed 
30. Cycle time 
32. Medium speed  
33. Medium Acceleration 
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4 VALIDATION OF THE MODEL 
In this Chapter, the paper wants to demonstrate the validity of the model previ-
ously formulated. For this reason, three cases of real applications are following 
examined; the processes of: pick and place, assembly and disassembly. 
In order to analyze each of the processes, the steps previously shown for ac-
quiring the data have been implemented together with the computation and the 
discussion of the results obtained. 
4.1 First process analyzed 
A. Understanding the process object of study 
The task to analyze is a pick and place process of ceramic tiles 
(http://www.vuototecnica.net). The machine involve in the process is a vacuum 
robot gripper with 16 circular suction cups of diameter 215 mm.  
B. Decomposing the process in sub-activities 
 The process is constituted by the following activities, listed in order of execution. 
 
Figure 115. Vacuum pick and place process (youtube.com 2013) 
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Starting from the upper left side of Figure 115 and continuing on the right the 
activities accomplished in the process are: 
 Approach nearby the object; 
 Positioning; 
 Vacuum creation; 
 Lifting of the object; 
 Moving; 
 Placing ; 
 Object release; 
 Return to start position. 
In this case the activities between the grip of the tiles and their release are the 
most critical because they have to assure the correct shift of the workpiece from 
one place to another without breaking it or losing it.  
C. Analyzing the sub-activities  
Table 34 reports the parameters that can be extrapolated from each of the sub-
activities. 
Table 34. Parameters for vacuum pick and place task 
Parameters Values 
Start gripper position (the position of the center of mass of the robot 
hand) 
[mm]: x0 y0 z0 
Object position (in respect to the start gripper position) [mm]: x0 y0 z300 
Final position (in respect to the start gripper position) [mm]: x450, y1870, z1050 
Max Speed of the robot [m/s]: vmax=0.8 
Max speed during load [m/s]: vlmax=0.5 
External object size [mm]: d=800 
Object weight  [kg]: mass=10 
Safety coefficient k=2 
Number of suction cups n=16 
Contact surface  [mm2]: Area=36300 
Vacuum applied pressure  [bar]: ou=0.8 
Atmospheric pressure  [bar]: oo=1 
Friction coefficient u=0.1 
Deformation coefficient def=0.7 
System efficiency ɳ=0.96 
Power consumption  [Watt]: Pc=3 
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Parameters Values 
Time constant for evacuation time  [s]: 𝜏=0.1 
Initial flow rate  [m3/s]: Qo=0.016 
Losses in flow rate [m3/s]: Qs=20%Qo 
D. Examining and interpreting the data collected 
Substituting the graphical user interface, developed in Chapter 3.6, the data ac-
quired in the previous steps, it is possible to calculate for each activity the factors 
of main interest: 
 Robot medium speed  
 Robot medium acceleration  
 Cycle time 
 Pressure on a surface 
 Free space for mounting 
 Contact force 
 Gripping force 
 Volumetric air flow 
 Positioning error 
 Time evacuation 
 
Figure 116. Graphical interface – vacuum pick and place process 
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As shown in Figure 116, when the user chooses the typology of gripper, in this 
case vacuum grippers, the functions and boxes not used for this category are 
inactivated. The others instead, can be filled with the collected parameters. 
 
Using the specific values exposed above, it is possible to obtain the following 
results (Figure 117):  
 Contact force: 726 N 
 Gripping force: 12.906 N 
 Surface pressure:                       
-0.017 N/mm2 
 Free space for mounting: 
4.46 mm 
 Arm speed: 0.28 m/s 
 Arm acceleration: 0.017 
m/s2 
 Cycle time: 16.93 s 
 Time movements: 15.9 s 
 Volumetric flow rate: 
173.58 mm3/s 
 Evacuation time: 0.52 s 
 Positioning error: 0.043 
mm on x, 0.096 mm on y, 
0.069 mm on z 
 
These values are obtained during normal working conditions, but if something 
happens, such as the alteration of one or more parameters, it is not clear how 
this modification can affect the final result.  
Following some examples of parameter alterations are reported, in order to clar-
ify the relationships between them.  
a) Changes in object mass: 
If the mass of the object becomes heavier, for example 30 kg, it is possible to 
see that some parameters will change (Figure 118).  
In a particular way, as shown in chapter 3 during the one-way sensitivity analy-
sis, the alteration of the mass, directly influences the gripping force and the free 
Figure 117. Result vacuum pick and place task 
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space for mounting, which increase their value, and leads to a decrement of the 
pressure exercised on a surface. 
Indirect influence can harm the 
parameters, such as volumetric 
flow rate, evacuation time and 
cycle time. Volumetric flow rate 
involves, as shown in Chapter 
3.4.17, the pressure on a sur-
face. If the pressure decreases, 
it means that the volumetric flow 
rate has to become higher in or-
der to assure the correct grip-
ping process. The alteration of 
the volumetric flow conse-
quently leads to a modification 
of the evacuation time. As it is 
possible to see here, the incre-
ment of the volumetric flow rate 
brings an increase to the evac-
uation time that produces a con-
sequent elongation of the cycle 
time.  
In order to show the validity of these conclusions, following in Table 35 the 
results obtained by the use of different object mass values are reported. 
Table 35. Variation of mass: vacuum pick and place process 
Mass [kg] Gripping 
force [N] 
Surface pres-
sure [N/mm2] 
Free space 
for mounting 
[mm] 
Volumetric 
flow rate 
[mm3/s] 
Evacuation 
time [s] 
Cycle 
time [s] 
5 6.453 -0.018642 3.1584 160.9298 0.5081 16.9162 
10 12.906 -0.017283 4.4667 173.5776 0.51566 16.9313 
30 38.718 -0.01185 7.7366 253.1642 0.5534 17.0068 
40 51.624 -0.0091334 8.9334 328.4664 0.57944 17.0589 
55 70.983 -0.0050584 10.4754 593.0772 0.63853 17.1771 
As it possible to see from Table 6, when the object becomes heavier the gripping 
force and the free space for mounting increase their value in a proportional way. 
Figure 118. Results vacuum pick and place 
process: change of mass 
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On the other hand, parameters such as the volumetric flow rate, the evacuation 
time and the cycle time, which are not directly influenced by the object mass, 
have a low increment of their values. Last, the surface pressure sees a decre-
ment of its amount due to a contact force that remain constant during the task.  
Comparing the values obtained from the graphical interface and the ones calcu-
lated in the sensitivity analysis for a variation of the 30% of the object mass, it is 
possible to obtain the results in Figure 119. 
 
 
 
The congruence between the values demonstrates the validity of the model.  
b) Changes in final workpiece position: 
In this case the changes in environment conditions refer only to the workpiece 
final position (the position is considered in respect to the initial gripper position 
and in particular to the initial position of the mass center of the robot hand). 
Following are reported some values obtained by changing the workpiece final 
position (Table 36).  
 
 
Figure 119. Object mass variation 
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Table 36. Variation of object final position: vacuum pick and place process 
The change of the final position in which the object has to be placed (in particular 
a displacement farer from the initial gripper position) influences the time of 
movement and the medium speed of the process that lead to an alteration of 
parameters such as the medium and the maximum robot arm acceleration and 
the cycle time of the process. The longer is the distance between the initial and 
the final gripper position the higher the time to cover it. Consequently, the me-
dium speed and acceleration connected to it decrease.  
Other parameters, which are not directly influenced by the change of the object 
position, but anyway change their value, are:  
 the gripping force and the pressure on a surface, which suffer a modifica-
tion due to a change of the maximum acceleration; 
 the volumetric flow rate, which changes due to the change in surface pres-
sure; 
 the evacuation time, consequents to the flow rate. 
Regarding the positioning error, even if in the sensitivity analysis of Chapter 
3.4.4 has been found that when the distance between the gripper initial position 
and the object position is bigger, the positioning error increases consequently, 
in the model this parameter has been calculated through the help of randomly 
generated value. For this reason a new computation of this error is not possible 
unless the user creates new initial conditions for them. 
Comparing the values obtained from the graphical interface and the ones calcu-
lated in the sensitivity analysis for 10% of the variation of the object position, it 
is possible to obtain the results in Figure 120. 
Object    position 
[mm] 
Time movements 
[s] 
Medium speed 
[m/s] 
Medium accelera-
tion [m/s2] 
Cycle time [s] 
x 450 y 1870  z 1050 15.96 0.27694 0.017352 16.9913 
x 570 y 2000  z 1250 19.11 0.26531 0.013883 20.1413 
x 600 y 2300 z 1300 20.7 0.2657 0.012836 21.7313 
x 854 y 2367 z 1467 23.667 0.26007 0.010989 24.6983 
x1000 y2673 z 1550 26.019 0.26031 0.010005 27.0503 
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The congruence between the values demonstrates the validity of the model.  
E. Discussing the results 
From the first analysis regarding the changes in the object mass, it is possible 
to observe that the vacuum grippers can be able to lift even loads about 55 kg, 
but it has to exercise a high gripping force, 70.98 N for each of the suction cups. 
Therefore, it is necessary to check what are the breaking load and the breaking 
stress in order to avoid a damage of the workpiece. Looking at the ISO 13006 
(ISO 13006:1998) for the ceramic tiles, the breaking load for a group Blb with a 
thickness of 6 mm (as the one considered), is 700 N and the breaking stress is 
35 N/mm2, value that are not exceeded in this case. For these reasons, it could 
be considered the possibility to lift tiles with a size bigger than the actual ones. 
For which concerns the cycle time, it is approximatively about 16 seconds; in-
creasing the mass of the object this time increases because the time needed to 
evacuate the object is bigger. The differences in evacuation time and in cycle 
times are not so relevant in these cases, but it is possible to suggest improve-
ment, considering for example the volumetric flow rate and the power trans-
ferred to the gripper. Increasing the power, the flow rate grows up bringing to a 
reduction of the evacuation time and consequently of the cycle time. 
The second analysis is developed in order to understand which parameters can 
be influenced by a change in the final object position. It has been observed that 
the cycle time increases quite proportionally with the distance. In order to reduce 
the cycle time for example can be evaluated the possibility of incremented the 
maximum robot speed in both the cases with and without load. 
Figure 120. Object position variation 
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4.2 Second process analyzed 
A. Understanding the process object of study 
The task to analyze is an assembly process of flexible solar collector (http://ro-
bot.fanucamerica.com). The gripper involved in the process is a parallel robot 
gripper with plane fingers characterized by a width of 10 mm and a prism depth 
null because the force is based only on a pure friction.  
B. Decomposing the process in sub-activities 
The process is constituted by the following activities, listed in order of execution. 
Because of the high speed of movements, make screenshots was complicated 
and for this reason some activities that will be mentioned afterwards are in-
cluded inside only one image. 
Start from the left upper side of Figure 121 and continues on the right the 
activities are: 
 Approach nearby the object1; 
 Positioning; 
 Finger closing; 
 Lifting of the object; 
 Moving; 
 Positioning; 
 Inserting; 
 Object release; 
 Moving 
 Change tool; 
 Positioning; 
 Glue laying; 
 Moving; 
 Change tool; 
 Approach nearby the object2; 
 Positioning; 
 Finger closing; 
 Lifting of the object; 
 Moving; 
 Placing; 
 Release the object2; 
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 Return to start position. 
 
 
In this case the activity of inserting is the most critic because it has to assure the 
correct displacement of the two components to be matched with the right 
orientation and without damaging the other part of the solar collector. In order 
to simplify the analysis, this second case of study can be scomposed in two 
Figure 121. Parallel gripper: assembly process (youtube.com 2011) 
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phases: the fist that includes all the activities necessary to insert the object1 
inside the solar collector and the second the instead includes the activities to 
insert the object2. The paper is going to describe here only the first part of 
inserting because it is the most critic and because the second part has the same 
operations as a pick and place process, already discussed in the case before. 
C. Analyzing the sub-activities  
The table 37 reports the parameters that can be extrapolated from each of the 
sub-activities of the first phase (until the change of the tool). 
Table 37. Parameters for parallel gripper assembly task 
Parameters Values 
Start gripper position (the position of the center of mass of the robot hand) [mm]: x0 y0 z0 
Object position (in respect to the start gripper position) [mm]: x210 y380 z340 
Final position (in respect to the start gripper position) [mm]: x210, y380, z340 
Max Speed of the robot [m/s]: vmax=0.5 
Max speed during load [m/s]: vlmax=0.2 
External object size [mm]: d=50 
Object weight  [kg]: mass=1.5 
Safety coefficient k=2 
Number of fingers n=2 
Contact surface  [mm2]: Area=250 
Gripper opening  [mm]: O=300 
Finger speed  [mm/s]: vf=100 
Friction coefficient u=0.1 
Elasticity [N/mm2]: Er=210000 
Jaw radius of curvature [mm]: r=infinite 
Time set-up [s]: Tsetup=4 
Finger width [mm]: c=10 
Jaw prism depth [mm]: e=0 
Jaw angle [°] alpha=180 
D. Examining and interpreting the data collected 
Substituting in the graphical user interface, developed in Chapter 3, the data 
acquired in the previous step, it is possible to calculate for each activity the fac-
tors of main interest: 
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 Robot speed at a general instant t 
 Robot acceleration at a general instant t 
 Cycle time 
 Pressure on a surface 
 Free space for mounting 
 Contact force 
 Gripping force 
 Time fingers opening/closing 
 Positioning error 
  
Figure 122. Graphical interface: parallel gripper assembly task 
 
As shown in Figure 122, when the user chooses the typology of gripper, in this 
case parallel/angular grippers, the functions and boxes not useful for this cate-
gory are inactivated. Whereas the remaining boxes can be filled with the col-
lected parameters. 
 
Using the specific values exposed above, it is possible to obtain the following 
results (Figure 123):  
 Contact force: 37.33 N 
 Gripping force: 149.32 N 
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 Surface pressure: 0.15 N/mm2 
 Free space for mounting: 320 mm 
 Arm speed: 0.30 m/s 
 Arm acceleration: 0.07 m/s2 
 Cycle time: 18.17 s 
 Time fingers opening/closing: 4.17 s 
 Positioning error: 0.054 mm on x, 0.067 mm on y, 0.04 mm on z 
These values are obtained dur-
ing the normal working condi-
tions, but if something happens, 
such as the alteration of one or 
more parameters, is not clear 
how this modification can affect 
the final result.  
Follows are reported some ex-
amples of parameter alteration, 
in order to clarify better the rela-
tionships among them.  
 
 
 
 
 
a) Changes in robot speed: 
If the maximum speed that the robot can accomplish increases, for example 1.5 
m/s for the speed without loads and 1 m/s for the speed during the object shift-
ing, it is possible to see that some parameters change consequently.  
In particular way, as shown in chapter 3 during the one-way sensitivity analysis, 
the alteration of the maximum speed, directly influences the maximum acceler-
ation, the medium speed and acceleration of the task and the time of movement 
that becomes lower, leading to a decrement of the cycle time. 
Figure 123. Results parallel gripper assembly 
task 
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Changing in particular way the maximum acceleration, this involves a modifica-
tion of the contact force and of the gripping force, as showed in Chapter 3. Then 
the contact force influences the pressure that the gripper exercises on the sur-
face of the object. In this case (Figure 124), the increment of the speed leads to 
an increasing of the acceleration that consequently makes the gripping force 
and the contact force increment. Augmenting the contact force, even the surface 
pressure becomes higher. 
. 
 
 
In order to show the validity of these conclusions, following in Table 38 are re-
ported the results obtained by the use of different speed values. 
When the maximum speed that the gripper can reach in the task increases, the 
medium and the maximum acceleration increase, while instead the movement 
time decreases leading to a reduction of the cycle time of the process. Other 
parameters not directly influenced are:  
 gripping force and contact force that increase their values due to the mod-
ification of the maximum acceleration; 
 surface pressure that increases because of the increment of the contact 
force.  
Figure 124. Results parallel gripper assembly 
task: maximum speed change 
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Table 38. Alteration maximum speed: parallel gripper assembly process 
Speed maxi-
mum [m/s] 
Gripping 
force [N] 
Surface pres-
sure [N/mm2] 
Contact 
force [N] 
Medium 
speed [m/s] 
Medium ac-
celeration  
[m/s2] 
Cycle 
time [s] 
vmax=0.5 
vmaxload=0.2 
149.3239 0.14932 37.331 0.30456 0.073035 18.17 
vmax=1 
vmaxload=0.86 
171.511 0.17151 42.8778 0.88003 0.6098 15.4431 
vmax=1.2 
vmaxload=0.95 
178.7243 0.17872 44.6811 1.0219 0.82229 15.2428 
vmax=1.5 
vmaxload=1 
186.6237 0.18662 46.6559 1.1869 1.1093 15.07 
vmax=2 
vmaxload=1.6 
236.0389 0.23604 59.0097 1.7104 2.3036 14.7425 
 
Comparing the values obtained from the graphical interface and the ones calcu-
lated in the sensitivity analysis for 20% of the variation of the object position, it 
is possible to obtain the results in Figure 125. 
 
 
 
The congruence between the values demonstrates the validity of the model.  
 
 
 
Figure 125. Maximum speed variation 
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b) Changes in the external object size: 
As explained in the chapter 3, the external object size can be the diameter of 
the object or the width of the surface that is gripped. If a change of workpiece 
occurs, for example in this case is required the prehension of a different object 
for the second phase of assembly, the external size of the object to be gripped 
can be alterated and this 
fact generates different 
modifications to parameter 
as the time of the fingers 
opening and closing that 
influence then the cycle time 
of the task. In Figure 126  is 
reported an example in 
which the object size is big-
ger and equal to 85 mm. Is 
possible to see that the 
change of the size, as also 
showed in Chapter 3.4.1, 
has as consequence a re-
duction of the time of fingers 
opening/closing and so of 
the entire cycle time. 
 
Following in Table 39 are reported some values obtained by changing the work-
piece size.  
Table 39. Alteration object size: parallel gripper assembly process 
Object external size [mm] Time fingers opening/closing [s] Cycle time [s] 
50 2.5 18.17 
70 2.3 17.37 
85 2.15 16.77 
140 1.6 14.57 
200 1 12.17 
As shown before, the time that the fingers need to open and close around an 
object decreases bigger is the object to grip. This is because of the less path 
they have to cover in order to reach the workpiece. The fingers opening/closing 
Figure 126. Results parallel gripper assembly 
task: object size change 
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time, is one of the time that composes the cycle time. A reduction of it for this 
reason also brings to a decrement of the cycle time. 
Comparing the values obtained from the graphical interface and the ones calcu-
lated in the sensitivity analysis for 20% of the variation of the object position, it 
is possible to obtain the results in Figure 127. 
 
 
The congruence between the values demonstrates the validity of the model.  
E. Discussing the results 
In the two examples of parameter alterations exposed above, the advantage 
that is possible to obtain is a reduction of the cycle time of the process, a key 
factor in order to judge the performance of the task. Despite the advantage, two 
topics have to be considered. The first is the forces acting on the workpiece that 
in the first case of maximum speed alteration, increase their values; this situation 
has to be monitored because it is possible that the high gripping or contact force 
required in order not to lose the workpiece during the movements, damages the 
object. For this reason, the user has to check the material properties of the com-
ponent and control if that object is able to sustain forces of that values. 
Second consideration can be developed for the external size of the object. The 
bigger the object is and the lower the time to grip it. The problem that can be 
generated in this case is that the empty space between the object and the fin-
gers becomes smaller when the object size grows and for this reason, if a posi-
tioning error different in respect to the one forecasted occurs, even including the 
safety coefficient, the gripper could collide the object and damage it. Beyond 
this, a control of the gripper maximum opening is also necessary, because if the 
Figure 127. Object external size variation 
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object is too big, the gripper could not be able to grip it and a change of tool m 
be required. 
4.3 Third process analyzed 
A. Understanding the process object of study 
The task to analyze is a disassembly process for the recovering of the compo-
nents of a bearing (http://mitsubishirobotics.com). The gripper involved in the 
process is a parallel robot gripper with concave finger jaws characterized by a 
width of 14 mm, a prism depth null they are concave, a jaw gripper radius of 30 
mm, a jaw angle of 56° and with a shape force-friction mating based on the two 
jaws moving.  
B. Decomposing the process in sub-activities 
Because of the high speed of movements make screenshots was complicated 
and for this reason some activities that will be mentioned afterwards are com-
prised inside only one image. 
Starting from the left upper side of Figure 128 and continues on the right the 
activities are: 
 Approach nearby the object1; 
 Positioning; 
 Finger closing; 
 Lifting of the object1; 
 Moving; 
 Positioning; 
 Inserting; 
 Object1 release; 
 Approach nearby the object2; 
 Positioning; 
 Finger closing; 
 Lifting of the object; 
 Moving; 
 Inserting; 
 Object2 release; 
 Return to start position. 
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In this case the activities are similar to the assembly process but the precision 
of the operations is not the same and there are no critic steps. The robot 
separates the components from the metallic bearing and disposes them in 
appropriate places because afterwards they will be analyzed in order to 
understand which of them recover and which dispose off. In order to simplify the 
analysis, following is considered only the first part of the process, until the 
release of the object1. 
 
 
 
Figure 128. Parallel gripper disassembly process (youtube.com 2013) 
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C. Analyzing the sub-activities  
The Table 40 reports the parameters that can be extrapolated from each of the 
sub-activity of the first phase (until the return to the start position to accomplish 
the gripping of the second object). 
Table 40. Parameters parallel gripper disassembly task 
Parameters Values 
Start gripper position (the position of the center of mass of the robot hand) [mm]: x0 y0 z0 
Object position (in respect to the start gripper position) [mm]: x0 y0 z130 
Final position (in respect to the start gripper position) [mm]: x160, y270, z130 
Max Speed of the robot [m/s]: vmax=0.9 
Max speed during load [m/s]: vlmax=0.7 
External object size [mm]: d=15 
Object weight  [kg]: mass=0.3 
Safety coefficient k=2 
Number of fingers n=2 
Contact line [mm]: Line=9 
Gripper opening  [mm]: O=80 
Finger speed  [mm/s]: vf=30 
Friction coefficient u=0.1 
Elasticity [N/mm2]: Er=210000 
Jaw radius of curvature [mm]: r=30 
Finger width [mm]: c=14 
Jaw prism depth [mm]: e=0 
Jaw angle [°] alpha=56 
D. Examining and interpreting the data collected 
Substituting in the graphical user interface, developed in Chapter 3, the data 
acquired in the previous step (Figure 129), is possible to calculate for each ac-
tivity the factors of main interest: 
 Robot speed at a general instant t 
 Robot acceleration at a general instant t 
 Cycle time 
 Pressure on a surface 
 Free space for mounting 
 Contact force 
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 Gripping force 
 Time fingers opening/closing 
 Positioning error 
 
 
As shown in Figure 130, when the user chooses the typology of gripper, in this 
case parallel/angular grippers, the functions and boxes not useful for this cate-
gory are inactivated. The other instead, can be filled with the collected parame-
ters. Using the specific values exposed above, is it possible to obtain the follow-
ing results:  
 Contact force: 1.77 N 
 Gripping force: 4.64N 
 Surface pressure: 26.87N/mm2 
 Free space for mounting: 108 mm 
 Arm speed: 0.75m/s 
 Arm acceleration: 0.81m/s2 
 Cycle time: 9.59 s 
 Time fingers opening/closing: 2.17 s 
 Positioning error: 0.086 mm on x, 0.065 mm on y, 0.045 mm on z 
Figure 129. Graphical interface: parallel gripper disassembly task 
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These values are obtained dur-
ing the normal working condi-
tions, but if something happens, 
as the alteration of one or more 
parameters, is not clear how this 
modification can affect the final 
result.  
Follows are reported some ex-
ample of parameter alteration, in 
order to clarify better the rela-
tionship among them.  
 
 
 
 
a) Changes in contact line: 
If the robot increases the space 
of prehension over the object, it 
means that the length of the con-
tact line increases. Analyzing the 
case in which the contact line is 
13 mm (Figure 131), is possible 
to see that some parameters 
change consequently. In particu-
lar, as shown in chapter 3.4.2 
during the one-way sensitivity 
analysis, the alteration of the 
contact line influences the pres-
sure that the gripper exercises 
on the object surface. 
 
Figure 130. Results parallel gripper disas-
sembly task 
Figure 131. Results parallel gripper disassem-
bly task: contact line length change 
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When the length of the contact line increases, the surface pressure suffers a 
decrement because the surface on which it distributes is bigger. 
In order to show the validity of these conclusions, follows in table are reported 
the results obtained by the use of different contact line values. 
Table 41. Variation of contact line length: parallel gripper disassembly task  
Contact line [mm] Surface pressure [N/mm2] 
5 36.0514 
9 26.8711 
13 22.3581 
20 18.0257 
25 16.1227 
From the Table 41, it is possible to see that the conclusions drew before are 
verified. 
Comparing the values obtained from the graphical interface and the ones calcu-
lated in the sensitivity analysis for 40% of the variation of the object position, it 
is possible to obtain the results in Figure 132. 
 
 
The congruence between the values demonstrates the validity of the model.  
 
 
 
 
 
 
Figure 132. Object external size variation 
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b) Changes in gripper jaw angle: 
In this case the parameters that can be influenced are: gripping force, contact 
force and surface pressure. In order to see the changes, it is possible to take for 
example a gripper jaw angle of 60°. 
In figure 128, is shown the in-
crement of the two forces due 
to an augment of the jaw angle 
wideness. This is because, as 
theorized in Chapter 3, the big-
ger the angle is, the more the 
object can slide down from the 
gripper fingers and, for this rea-
son, it is necessary to have a 
higher value of the forces to 
avoid that.  
 
 
 
 
The growth of the contact force influences the surface pressure that increases 
consequently. 
Following in are reported some values obtained by changing the gripper jaw 
angle. 
Table 42.Variation of jaw angle: parallel gripper disassembly task 
 
Jaw angle [°] Contact force [N] Gripping force [N] Surface pressure [N/mm2] 
30 1.6189 1.8057 25.6906 
40 1.6641 2.6243 26.0468 
56 1.7711 4.6367 26.8711 
60 1.8057 5.417 27.1324 
75 1.9711 11.6721 28.3478 
Figure 133. Results parallel gripper disassem-
bly task: jaw angle change 
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The values confirm the conclusions deducted from the method. When the jaw 
angle increases the contact force, the gripping force and the surface pressure 
increase their value (for explanation see Chapter 3.4.15). 
Comparing the values obtained from the graphical interface and the ones calcu-
lated in the sensitivity analysis for 30% of the variation of the object position, it 
is possible to obtain the results in Figure 134. 
 
 
The congruence between the values demonstrates the validity of the model.  
 
E. Discussing the results 
From the analysis of the two parameter modifications, it is possible to make 
some deductions. First, has been demonstrated the fact that a bigger length of 
the contact line generated between the gripper jaws and the object surface, 
does not influence the success of the task but just leads to a reduction of the 
pressure impacting on the object surface. This reduction can be useful in case 
of breakable objects but a too high reduction can lead to a loss of adherence 
between the object and the gripper fingers. 
On the opposite side, the growth of the jaw angle has, as result, the increment 
of the forces and pressure acting on the workpiece. This fact, while guarantees 
a better and more stable prehension of the object, it requires also a continuous 
control by the human operator in order to check the consequences that the in-
crement can produce on the workpiece (damage or break). 
 
Figure 134. Object external size variation 
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5 CONCLUSIONS  
5.1 Results 
The method developed in this paper provides an approach to systematically de-
scribe the handling processes accomplished by three types of robot gripper: 
parallel, angular and vacuum. The processes have been modeled in terms of 
factors that influence their outcomes and which can be monitored during the 
phase of gripper choice.  
The method started with a one-way sensitivity analysis that was useful to under-
stand the relationships between the parameters. In particular how the alteration 
of one parameter of the process influenced the other remaining factors has been 
observed. From the analysis, the parameters that more frequently appeared and 
which had the greater impact on the alteration of the other have been identified 
as key factors of the model. However, in the real working environments, usually, 
more than one task parameter changes simultaneously. For this reason, the 
one-way sensitivity analysis has been proved to be unrealistic and has been 
integrated with a multi-way analysis through the construction of a Graphical User 
Interface on MATLAB. The GUI (Graphical User Interface) allows the human 
operator to fill customized values for the parameters and decide which vary and 
which keep constants in order to analyze a specific process and understand how 
the outcomes can change if a mutation in the working condition occurs. A prac-
tical example of the way in which the method works has been provided with the 
validation of the approach. The values of three real application cases, pick and 
place, assembly and disassembly processes, have been inserted in the Graph-
ical User Interface and the validity of the model has been proved through a com-
parison between the results obtained from the interface and the trends of the 
variables found in the previous analysis.  
5.2 Future developments 
The method described in the paper presents some strengths and weaknesses. 
The strengths allow the user to understand what the method is able to perform 
and in which cases it can be used. On the other hand, the weaknesses are 
reflective starting points for new future studies. 
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Table 43 lists the main advantages and disadvantages of the model. 
Table 43. Advantages vs Disadvantages of the method 
Advantages Disadvantages 
• Analyze in a systematical way 
handling processes; 
• Understand the relationships be-
tween the task parameters; 
• Help in choosing and program-
ming robot grippers; 
• Minimize the gripper exchanges 
during the task; 
• Be reactive in situations of mutable 
working conditions. 
• The graphical interface does not 
provide a system of alarm that 
generate error in case the altera-
tion of one factor exceeds con-
straints; 
• Not all the parameters have been 
considered and analyzed due to a 
lack of information found in litera-
ture. 
 
The advantages have been already explained during the development of the 
work and for this reason it is not necessary to further discuss them. 
As mentioned in Table 43, the biggest disadvantage of the model is the lack of 
an alarm system that signals when a parameter exceeds the constraints. The 
constraints in this case include the breakable stress and breakable load of the 
workpiece, or the maximum speed and acceleration imposed by the construction 
limits of the robot, etc. In this case, every time the user analyzes a process, he 
has to check the constraints tables if, for example, the gripping force generated 
from the graphical interface exceeds the breakable stress of the object and for 
this reason must not be used in the process but has to be reformulated through 
the change of other parameters. 
Another disadvantage of the method is that some parameters, such as the ob-
stacle position, its size, the temperature and humidity of the workspace in which 
the gripper operates, are just mentioned in the work but they are not really ana-
lyzed inside the sensitivity analyses because of the lack of information found in 
the literature. Indeed, it was not possible to find equations that related these 
parameters to the performances of the process. 
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Starting from the weaknesses of the method proposed here, a future reseach 
can be directed at the construction of a system able to auto-control the gener-
ated outputs of the graphical interface in order to display to the operator just the 
solutions that can be effectively implemented in real situations. This system will 
help the user in the decision of choosing the correct dimension of the parame-
ters, saving the time that, without this, the user would spend checking the con-
straints tables. Another property of that system could be the ability to generate 
a free-obstacle path given the obstacle coordinates and the ones regarding the 
gripper, object and final position.  
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